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Foreword to the Third Edition 


Some of the fortunate turns in human history have been accelerated because 
a man has just happened to come along to fill the large need of a moment, 
Nuclear science and industry have had such a man in Dr. Samuel Glasstone. 

When nuclear energy emerged suddenly from the shrouds of secrecy there 
was an overwhelming need for explanation and clarification before this new 
force could assume its role as a useful servant of man. How fortunate we were 
that a man of Samuel Glasstone’s supreme attainments chose at that time to 
devote his career to filling this need! Over a period of 19 years he has produced 
for the AEC 11 classic nuclear texts, each a model in its field. One can be sure 
that today’s young nuclear scientists and engineers have learned much of what 
they know from these books and that they continue today to turn to them 
again and again as authoritative reference sources. 

Probably the most widely read of all Dr. Glasstone's works (and these include 
20 books and innumerable articles on subjects other than nuclear energy) has 
been the Sourcebook on Atomic Energy, first published in 1950, revised in 1958, 
and now issued in its third edition. Over 100,000 copies of the English language 
editions have been sold, and it has been translated into Russian, Japanese, 
Spanish, Polish, Croatian-Serbian and Korean. 

We consider this book to be a model of what science writing can be at its 
best: accurate, but also fluent, graceful and superbly organized. We expect that 
it will continue for years to come to serve the needs of scientists, engineers, 
teachers, students, authors and editors. 


pu 


Chairman 
U. S. Atomic Energy Commission 


Preface 


In preparing this new edition of the “Sourcebook on Atomic Energy,” my 
object has been the same as in the two highly successful earlier editions. It is 
to describe in simple language, with a minimum of mathematics, what appear 
to be the most important developments in those areas of science covered by 
the general term “atomic energy.” As before, I have used the historical approach 
wherever possible. Because certain topics are inevitably more difficult to under- 
stand than others, some readers will be selective. in their use of the book. To 
help them, I have included frequent cross references, both between and within 
chapters. 

In response to many requests, I have added at the end of each chapter & 
list of books and articles suitable for further reading, and where other citations 
may be found. The references selected from the many thousands in the field 
of atomic energy were nearly all published since 1958 and fall into one or more 
of the following categories: historical surveys, semipopular articles, specialized 
texts, and reviews. The latter are mainly intended for the technieal reader and 
gre marked with an asterisk. I have not included general textbooks on atomic 
and nuclear physics because there are several available, and new ones appear 
from time to time. Such books, however, are obvious sources of further infor- 
mation. 

Many people have helped me in one way or another in the preparation of 
this book and to all. of them, whether their names are mentioned below or not, 
I wish to express my sincere thanks. I am especially grateful to Brig. Gen, 
D. L. Crowson, Director, Division of Military Application, U. S. Atomic Energy 
Commission, and Dr. N, E. Bradbury, Director, Los Alamos Scientific Labora- 
tory, for making it possible for me to undertake this work. I also wish to thank 
Mr. P. F. Belcher, Assistant Director, Los Alamos Scientific Laboratory, and 
Mr. E. J. Brunenkant, Director, Division of Technical Information, U. S. AEC, 
and the members of his staff, particularly Mr. J. D. Cape, for assistance in 
administrative matters. Finally, in addition to several of my colleagues at the 
Los Alamos Scientific Laboratory, I am indebted to many at other laboratories 
operated for the U. S. AEC; them I must thank through the following: Dr. 
C. P. Keim (Oak Ridge National Laboratory), Mr. J. H. Martens (Argonne 
National Laboratory), Mr. D. Puleston (Brookhaven National Laboratory), 
and Dr. R. K. Wakerling (Lawrence Radiation Laboratory, University of 
California). 


Los Alamos, N. M. SAMUEL GLASSTONE 
August 1967 J 
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Foundations of the Atomic Theory ` 


Chapter 1 


THE ATOMIC CONCEPT 


EARLY History OF THE ATOM 


1.1. The broad concept of the 
atomic structure of matter can be 
traced back some 2500 years to the 
scholars of ancient Greece, and even to 
the Hindu philosophers of a still earlier 
age. In the 5th century B.c., Leucip- 
pus and his pupil Democritus, as found- 
ers of the Greek school of atomists, 
taught that all material things were 
made up ultimately of small, indi- 
visible units which Democritus called 
atoma (atoms).* These teachings were 
supported by Epicurus, whose ideas 
were elaborated at length by Lucretius 
in his famous Latin poem, De Rerum 
Natura (Concerning the Nature of 
Things), during the early part of the 
lst century B.C. but the considera- 
tions made little headway, largely be- 
cause of the objections of the influential 
Greek philosopher Aristotle (384 to 
322 n.c.). Thus, atomistic concepts lay 
dormant for several hundred years, 
until they were revived in the active 
period of learning which followed the 
Renaissance in Europe. During the 
16th and 17th centuries after Christ, 
philosophers and scientists, such as 


Galileo Galilei in Italy, René Descartes 
in France, and Francis Bacon, Robert 
Boyle, and Isaac Newton in England; 


‘favored the view that matter was not 


continuous in nature but was made up 
of ultimate particles or atoms. 


DALTON AND THE ATOMIC THEORY 


1.2. It was not until the 19th cen- 
tury, however, that the work of the 
chemist transformed the atom from a 
somewhat vague philosophical idea to 
a material reality. Furthermore, the 
discoveries of the physicist laid the 
foundation for, the development during 
recent years of a remarkable body of 
detailed knowledge concerning its inter- 
nal structure. 

1.3. Credit for originating the mod- 
ern atomic theory is usually given to 
the English schoolteacher John Dalton 
(Fig. 1.1), who became interested in 
the subject as a result of his investiga- 
tions of the solubilities of gases in 
water and other liquids. The part he 
played in the development of the the- 
ory, although of the greatest impor- 
tance, is frequently misunderstood. In 
writing of Dalton’s contribution, the 


*The term alom, derived from two Greek words, a (not), temnein (to cut), Uu some- 


thing that is not divisible. 
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Fro. 1.1. 


John Dalton (1766-1844). (The 
Bettmann Archive, Inc.) 


German physical chemist W. Nernst 
stated that "by one effort of modern 
science, [it] arose like a phoenix from 
the ashes of the old Greek philosophy." 
That this is a misconception can be 
proved by a quotation from Dalton's 
New System of Chemical Philosophy, 
published in 1808, in which he dis- 
cussed in detail his ideas concerning 
the atom as the unit of chemical struc- 
ture. 

1.4. In considering the existence of a 
substance such as water in gaseous 
(steam), liquid, and solid (ice) states, 
Dalton said: "the observations have 
tacitly led to the conclusion which 
seems universally adopted, that all 
bodies of sensible magnitude . . . are 
constituted of a vast number of ex- 
tremely small particles, or atoms of 
matter bound together by a force of 
attraction.” The phrase “which seems 
universally adopted” is significant, for 
it implies that the atomie concept of 
matter was already widely accepted. 
It has been suggested that Dalton was 
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indebted to Newton, whose works he 
probably studied, for in his notes of a 
lecture delivered at the Royal Insti- 
tution, London, in January 1810, he 
remarked: “Newton had demonstrated 
clearly . . . that an elastic fluid [i.e., 
a gas] is constituted of small particles 
or atoms of matter." 

1.5. There is no doubt, also, that the 
contemporary Irish chemists, Bryan 
Higgins (1737-1820) and his nephew 
William Higgins (1769-1825), had ex- 
pressed themselves very clearly on the 
subject of combination by atoms some 
years prior to Dalton. Why then is the 
latter regarded as the founder of the 
atomic theory? The answer is that 
John Dalton made the theory quan- 
titative. By showing how the weights 
of different atoms relative to one 
another could be determined, he in- 
troduced a feeling of reality into a 
purely abstract idea. In a paper sub- 
mitted to the Literary and Philosoph- 
ical Society of Manchester, England, in 
October 1803, Dalton wrote: “An 
enquiry into the relative weights of the 
ultimate particles [atoms] of bodies 
is a subject, so far as I know, entirely 
new. I have lately been prosecuting 
this enquiry with remarkable success.”’ 
Most of his weights were subsequently 
proved to be erroneous, but Dalton 
sowed the seed which grew, where 
others had previously merely turned 
over the soil. 

1.6. In the Lowell Lectures on Sci- 
ence in the Modern World, delivered at 
Harvard University in 1925, the Anglo- 
American philosopher and mathema- 
tician A. N. Whitehead said: “In con- 
sidering the history of thought, it is 
necessary to distinguish the real stream, 
determining a period, from the ineffec- 
tual thoughts casually entertained. In 
the eighteenth century every well ed- 


ucated man read Lucretius and en- 
tertained ideas about atoms. But John 
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Dalton made them efficient in the 
stream of science; and in the function 
of efficiency atomicity was a new idea.” 
The atomic theory of the classical 
thinkers was somewhat in the nature 
of a vague philosophical speculation, 
but the theory as enunciated by Dalton 
was much more specific. It provided 
an explanation or, at least, an inter- 
pretation of many chemical facts and, 
of greater consequence, it acted as a 
guide to further experimentation and 
investigation. 

1.7. From the time of Dalton the 


atomic hypothesis has played an in- 
creasingly important role in science, 
first in chemistry and later in physics. 
It is true that a few scientists, some of 
them men of influence like the German 
physical chemist Wilhelm Ostwald, 
doubted the existence of atoms, but by 
the early years of the present century 
even these objectors were converted. 
Today the arguments in favor of the 
atomic structure of matter, are so nu- 
merous and convincing that the concept 
is universally accepted as an estab- 
lished fact rather than a theory.* 


THE CHEMICAL ELEMENTS 


Tug Four-ELement THEORY 


1.8. While the atomic concept was 
undergoing development, another im- 
portant principle, also based on Greek 
philosophy, was being refined in the 
fire of successive generations of the 
human mind. In contemplating the 
make-up of the universe, Empedocles, 
in the 5th century B.C., entertained 
the idea that all matter was composed 
of four "elements," namely, fire, earth, 
air, and water. It is probable that in 
this respect also, as with the atom, the 
ancient Hindu thinkers had antici- 
pated the Greeks, but present views 
stem more directly from the latter 
than. from the former. Because it 
had the influential support of Aris- 
totle and others, the four-element the- 
ory was widely accepted for more than 
two thousand years, in spite of à con- 
siderable degree of vagueness concern- 
ing its actual implications. 

1.9. Some scholars undoubtedly re- 
garded the elements as referring to 


material earth, air, fire, and water, 
whereas others thought of them more 
in the nature of principles or represen- 
tations of physical attributes. Aris- 
totle, for example, envisaged all matter 
as consisting of one primordial sub- 
stance which he called Ayle (stuff or 
material) and this could acquire 
varying amounts of the four qualities, 
or “principles,” hot, cold, dry, and 
moist. Thus air was hot and moist, 
water was cold and moist, fire was hot 
and dry, and earth was cold and dry. | 
The difference between one material 
and another was regarded as due to 
variations in the primal qualities, but 
the fundamental matter was always 
the same. ne i 
1.10. It is apparently on this inter- 
pretation of the four-element theory 
that the ancient alchemists based their 
vain efforts to change common metals 
into gold. For hundreds of years all 
attempts to bring about transmuta- 


tion met with complete failure, but at 


* A fact may be defined as something for the actual existence of which there is definite 
evidence. A theory or hypothesis, on the other hand, is a purely ae attempt to ex- 


plain or interpret known facts. Facts are presumably established an 


unalterable, but a 


theory may be altered or discarded if it proves to be inadequate. 2 
+ In later years, this was changed, possibly by Roger Bacon in the 13th century, to protyle, 
from protos and hyle, meaning the first or primal matter. 
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the present time, thanks to the ac- 
cumulated knowledge concerning the 
behavior of atoms, the deliberate 
change of one element into another has 
become a common occurrence (Chap- 
ter 10). 


ELEMENTS AND COMPOUNDS 


1.11. Although the Aristotelian the- 
ory was widely accepted, even as late 
as the 17th century, doubts began to 
develop concerning its ability to ac- 
count for the nature of different forms 
of matter. Some of the strongest ob- 
jections were expressed by the Irish- 
born Robert Boyle in a book entitled 
The Sceptical Chymist, published in 
London in 1661. In this book he gave 
his own interpretation of an element; 
thus, he wrote: “I mean by elements, 
as those chymists that speak plainest 
do by their principles, certain prim- 
itive and simple, or perfectly unmin- 
gled bodies; which not being made of 
any other bodies, or of one another, are 
the ingredients of which . . . mixt 
bodies are immediately compounded, 
and into which they are ultimately 
resolved . . . I must not look upon 
any body as a true principle or ele- 
ment . . . which is not perfectly ho- 
mogeneous, but is further resolvable 
into any number of distinct sub- 
stances, how small soever." 

1.12. It has been argued that the 
foregoing concept of an element was 
not original with Boyle, and some sup- 
port for this contention may be found 
in his parenthetical remark, ‘as those 
chymists that speak plainest do [mean] 
by their principles," near the beginning 
of the quotation given above. Be that 
as it may, the fact remains that Boyle 
did express clearly the basic ideas from 
which developed the modern view con- 
cerning the nature of an element. 
More than a century was to elapse, 
however, before these ideas had any 


z 
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real influence on scientific thought. It 
was only after the French chemist A. L. 
Lavoisier proved in 1774 that air was 
not a simple elementary substance, but 
a mixture of at least two different 
gases, now called nitrogen and oxygen, 
and after the work, in 1781, of Joseph 
Priestley and of Henry Cavendish, in 
England, established the fact that 
water was compounded of hydrogen 
and oxygen, that the four-element the- 
ory was finally abandoned. In its place, 
Lavoisier established, in 1789, the 
modern concept of an element, thus: 
“We apply the term elements . . . to 
bodies to express our idea of the last 
point which analysis is capable of 
reaching." An element was thus re- 
garded as a substance containing, as 
far as was known, only one kind of 
matter, and which could not be split 
up in any known way into anything 
simpler. 

1.13. On this basis, Lavoisier sub- 
stituted for the four elements of the 
Greek philosophers a list of 33 elemen- 
tary substances, of which more than 
20 are still regarded as elements even 
to this day. By 1819, the Swedish 
chemist J. J. Berzelius had increased 
the number of elements to 50. At the 
present time 90 different elements are 
definitely known to exist on the earth, 
and several more have been obtained 
by other means, as will be explained in 
Chapter 16. All material things con- 
tain at least one of these elements, and 
when two or more elements unite with 
one another, by the process referred to 
as chemical combination, the resulting 
product is known as a compound. 


DEFINITION OF AN ELEMENT 


1.14. Until the beginning of the 
present century a chemical element 
would have been defined simply as a 
form of matter which could not be split 


Foundations of the Atomic Theory 5 


up into other forms of matter. Now, 
with the discovery of the phenomena 
of radioactivity, accompanied by the 
spontaneous change of one element 
into another (Chapter 5), and the de- 
velopment of various means of bring- 
ing about transmutation and disinte- 


gration of numerous elements (Chap-: 


ter 10), it is not easy to give such a 
precise definition. It will be seen, in 
succeeding chapters, that these proc- 
esses, whether spontaneous or brought 
about by artificial means, are asso- 
ciated with very large amounts of 
energy. Chemical reactions, on the 
other hand, involve energy changes of 
a much lower order of magnitude. It 
is thus possible to describe an element 
as a form of matter which cannot be 
decomposed into (or be produced from) 
simpler forms of matter by means of 
chemical reactions, that is, by reac- 
tions associated with relatively small 
amounts of energy. In spite of the 
somewhat vague character of this def- 
inition,* there is never any doubt at 
the present time as to whether a given 
substance is an element or a compound. 
Numerous tests, now available, based 
on characteristic physical properties, 
such as the optical spectrum, mass 
spectrum, and X-rays, permit elements 
to be distinguished and identified. 
1.15. The atom may now be defined 
as the smallest possible or ultimate 
particle of an element, each element 
having its own characteristic atoms. 
As will be seen in Chapter 4, the atom 
itself has an internal structure and can 
be split up into subatomic particles. 
But these particles, most of which are 
electrical in nature, do not have the 
characteristic properties of the ele- 
ment. In the sense that the identity of 


the element is to be retained, the atom 
may therefore be regarded as indi- 
visible. 


SYMBOLS AND FORMULAS 


1.16. In order to represent pictori- 
ally the building up of compounds from . 
elements, Dalton introduced a set of 
symbols for the atoms. Thus, an atom 
of oxygen was indicated by a circle, 
one of hydrogen by a circle-with a cen- 
tral dot, and a nitrogen atom was rep- 
resented by a circle with a vertical line 
through it. This type of formulation 
was not only somewhat cumbersome 
when compounds were being consid- 
ered, but the discovery of each new el- 
ement presented the problem of in- 
venting an appropriate symbol. The 
difficulty was overcome by Berzelius 
who devised the method which forms 
the basis for the symbolic representa- 
tion of elements and compounds in use 
at the present day. 

1.17. In his treatise On the Theory 
of Chemical Proportions (Paris, 1819), 
Berzelius proposed that ‘‘chemical 
symbols should be letters of the alpha- 
bet, in order to be easily drawn and 
printed without disfiguring the text,” 
and that “the initial letter [or letters] 
of the Latin name ‘of each element” 
should be used for this purpose. Con- 
sequently, oxygen (oxygenium) was 
symbolized by O, hydrogen (hydroge- 
nium) by H, copper (euprum) by Cu, 
gold (aurum) by Au, silver (argentum) 
by Ag, and so on.[ The symbol, or 
formula, as it is generally called, of a 
compound is then obtained by com- 
bining the symbols for the appropriate 
eleraents, with subscripts to indicate 
the numbers of atoms present. Thus, 
the formula for water, which involves 


* An element may be defined more precisely as a form of matter in which all the atoms have 


the same nuclear charge (Chapter 4). 
] Some symbols, e. 
origin. The complete 


, O and H, were obtained from Latinized names of d or other. 
ist of modern symbols for the elements is given in $ 1.3 
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a chemical union of two atoms of hy- 
drogen with one of oxygen, is Hs0; 
sulfuric acid, containing two atoms of 


Chap. 1 


hydrogen, one of sulfur, and four of 
oxygen, has the formula H;S0,, and 
so on. 


THE DETERMINATION OF ATOMIC WEIGHTS 


Darrow's Aromic Weicut SYSTEM 


1.18. As mentioned earlier, perhaps 
Dalton’s most significant contribution 
to the atomic theory was his attempt 
to determine the relative masses or 
weights* of atoms. The actual atoms 
are, of course, much too -mall to be 
weighed directly, and so it is conven- 
ient to express their weights relative 
to that of a specified atom. For this 
purpose Dalton chose the atom of hy- 
drogen, the lightest atom known to 
him and, as it happens, the lightest of 
all the elements. Hence, to the hy- 
drogen atom was ascribed a weight of 
unity, and the weights of other atoms 
were then recorded in terms of that of 
the hydrogen atom. 

1.19, The actual procedures for ob- 
taining the relative atomic weights 
were then based on certain postulates 
concerning the nature of atoms and 
their mode of combination. The fol- 
lowing quotations from Dalton’s New 
System of Chemical Philosophy, men- 
tioned earlier, give the arguments in 
his own words: 

“Whether the ultimate particles of 

' a body, such as water, are all alike, 
that is of the same figure [ie., size 
and shape], weight, etc., is a question 
of some importance. From what is 
known, we have no reason to appre- 
hend a diversity in these particulars: 
if it does exist in water, it must equally 
exist in the elements constituting 
water, namely, hydrogen and oxygen. 
- Now it is scarcely possible to conceive 


* Althou; 
sary to mi 


how the aggregates of dissimilar parti- 
cles should be so uniformly the same. 
. . . Therefore we may conclude that 
the ultimate particles of all homogene- 
ous bodies are perfectly alike in weight, 
figure, etc. In other words, every [ulti- 
mate] particle of water is like every 
other particle; every [ultimate] par- 
ticle of hydrogen is like every other 
particle of hydrogen, etc. . . . 

“Chemical analysis and synthesis go 
no further than to the separation of 
particles from one another, and to their 
reunion. No new creation or destruc- 
tion of matter is within the reach of 
chemical agency. . . . All the changes 
we can produce consist in separating 
particles that are in a state of cohesion 
or combination, and joining those that 
are previously at a distance. . . . 

“Tf there are two bodies, A and B, 
which are disposed to combine, the 
following is the order in which com- 
binations may take place, beginning 
with the most simple: namely, 1 atom 
of A+ 1 atom of B [= AB] ..., 1 
atom of A + 2 atoms of B [= AB;] 
..., 2 atoms of A+ 1 atom of B 
[= A;B], etc.” 

1.20. Stated briefly, Dalton's con- 
elusions were threefold: that the ulti- 
mate particles of a given pure sub- 
stance, whether element or compound, 
are alike in size, shape, and weight; 
that chemical reaction does not cause 
any change in the nature of atoms but 
results merely in their rearrangement; 
and, that combination between atoms 


mass and weight are treated here as s; it i i i 
e a distinction. Mass is a measure of the D a ction EN eaae 


quantity of matter in a body, whereas 


weight is the force exerted by the body, ax the influence of gravity. It has become the 


practice to speak of ic wei 


ough “atomic masses" would perhaps be more 


accurate. The term “atomic mass" is now used in a somewhat special sense ($ 6.63). 
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takes place in the ratio of the simplest 
numbers, preferably AB, then AB», 
and so on. If, as Dalton supposed, the 
atoms of a given element are all alike 
and are unchanged by chemical action, 
then the relative weight of the atom, 
as determined from the analysis of a 
compound, should have a definite and 
constant value. Although the accual de- 
termination of relative atomic weights 
made use of the third of the postulates 
stated above, the results could have no 
significance without the other two. 

1.21. The procedure used by Dalton 
may be illustrated by reference to his 
estimate of the atomic weight of oxy- 
gen. At the time only one compound 
of oxygen with hydrogen—water—was 
known, and so Dalton, in accordance 
with the principles he enunciated, as- 
sumed it to have the simplest possible 
composition, namely, the combination 
of one atom of hydrogen with one of 
oxygen, ie. HO. Upon analysis he 
found that water consisted of one part 
by weight of hydrogen and seven— 
later shown to be eight—parts by 
weight of oxygen. It followed, there- 
fore, that if the weight of hydrogen is 
taken as unity, the relative atomic 
weight of oxygen should be seven—ac- 
tually eight. That is to say, the weight 
of a single atom of oxygen, according 
to Dalton, was seven—actually eight 
—times that of a single hydrogen 
atom. Similarly, by assuming the for- 
mula of ammonia to be NH, the 
atomic weight of nitrogen appeared to 
be five—more accurately 4.7—relative 
to that of hydrogen. 


CoMBINING OR EQUIVALENT 
WEIGHTS 
1.22. Apart from the errors in Dal- 
ton’s experimental work, several of his 
atomic weights, such as those of oxy- 
gen and nitrogen given above, were 


incorrect. The reason for the discrep- 
ancies lay in the fact that the postu- 
lated simple formulas of the type AB, 
such as HO for water and NH for 
ammonia, were erroneous; water is 
now known to be properly represented 
by HO and ammonia by NH;. What 
Dalton determined was, in general, the 
combining weight or equivalent weight 
of an element; that is, the weight of 
the element which combines with or 
replaces—that is, is equivalent to— 
one part by weight of hydrogen.* 

1.23. If the formula of the com- 
pound under consideration is actually 
HX, as is the case, for example, when 
X is the element chlorine, then the 
atomic and combining weights are 
identical. In other instances, however, 
the atomic weight is a simple multiple 
of the equivalent weight. It can be 
readily seen that this multiple, which 
is called the valence of the element, is 
equal to the number of atoms of hy- 
drogen which unite with, or replace, 
one atom of the given element. Thus, 
the formula of water is H;O, and 
two atoms of hydrogen combine with 
one of oxygen; the valence of oxygen 
is therefore two, and the atomic weight 
is exactly twice the equivalent weight. 
If, therefore, Dalton had used the cor- 
rect formula for water, he would have 
arrived at an atomic weight of twice 
seven, ie., 14, relative to hydrogen, 
which is in fair agreement with the 
more accurate value of 16. Similarly, 
if he had known that ammonia was 
NH;, the atomic weight of nitrogen 
(valence three) would have been given 
as three times five, i.e., 15, not very 
different from the accepted atomic 
weight of approximately 14. 


Tue Atomic WEIGHT SCALE 


1.24. It is evident from the figures - 
just cited that Dalton’s experimental 


* According to the present, atomic edi system, this would be 1.00797 parts rather than 


exactly one part by weight of hydrogen 


$1.24). 
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work was not too reliable. One of the 
factors responsible was his choice of 
hydrogen as the basis of comparison 
for atomic weights. In the first place, 
relatively few elements form com- 
pounds with hydrogen, and these are 
not easy to analyze; in the second 
place, on account of the lightness of 
hydrogen, a small error in weighing 
leads to a large over-all discrepancy. 
Since most elements combine with oxy- 
gen, the atom of which is about 16 
times as heavy as that of hydrogen, 
Berzelius used oxygen as the standard, 
assigning to it an arbitrary combining 
weight of 100, Later there was a return 
to the Daltonian system and the weight 
of the atom of oxygen was then found 
to be very close to 16, in comparison 
with unity for hydrogen. Because of 
its practical value, as indicated above, 
chemists therefore agreed to take the 
atomic weight of oxygen, as it occurs 
in the air, to be exactly 16.0000, and 
its equivalent weight to be 8.0000. This 
was accepted as the basis for expressing 
chemical atomic weights until January 
1, 1962, when, for reasons to be ex- 
plained in § 6.62, a change was made.* 
At present, the atomic weight of 
atmospheric oxygen is taken to 
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be 15.9994 and that of hydrogen is 
1.00797. 


Atomic AND EQUIVALENT WEIGHTS 


1.25. In Dalton’s time the principles 
of quantitative chemical analysis were 
not well understood, and the precision 
balance had not been developed, so 
that combining weights of a high order 
of accuracy could not have been ex- 
pected. With improvements in the 
techniques and methods of analytical 
chemistry during the first half of the 
19th century, there became available 
increasingly exact values of the com- 
bining (or equivalent) weights of many 
elements, for which J. J. Berzelius, in 
Sweden, and J. S. Stas, in Belgium, 
were largely responsible. Before these 
could be converted into atomic weights 
there still existed the problem of find- 
ing the valence for each element, i.e., 
the integer by which the equivalent 
weight was to be multiplied. In this 
connection, Berzelius obtained guid- 
ance from the law of isomorphismt 
proposed by his German pupil E. 
Mitscherlich in 1819, as well as from 
the law of the constant heat capacity of 
atomst discovered in the same year by 
the French scientists P. L. Dulong and 
A. T. Petit. 


ATOMS AND MOLECULES 


EARLY DEVELOPMENTS 


1.26. A fundamental postulate, 
which would have been of inestimable 
value in the early attempts at deter- 


mining atomic weights, had been pro- 
posed independently by the Italian 
physicist Amedeo Avogadro (Fig. 1.2) 
in 1811, and some three years later, in 


* In the system in current use, the atomic weight of & pareat species (isotope) of the 


element carbon, known as carbon-12 (or £C), the atoms of w. 
2.0000. 


as those of hydrogen, is set at tly 12. 
t According to this law, i ups 
similar shape, having similar chemical 


formulas, e.g., CusS and Ag;S, Fej0; and AlsOs. 
from the formula of an appropriate compound. 


t and th i 1 
for most solid elements. The specific heat eed peano. heat has approximately the same value 


1 The product, of the atomic wei; 


ich are roughly 12 times as heavy 


;, isomorphous substances, i.e., substances which form crystals of 
properties can usually be represented by analogous 
The valence of the element can then be derived 


ly measured, and hence a rough atomic 


t can be estimated. The accurate value can then be obtained from the combining weight, 


| 
| 
| 
l 
| 
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France, by A. M. Ampére, for whom 
the unit of electric current is named. 
Unfortunately, the concepts involved 
were not too clearly expressed nor too 
well understood until 1858, when Sta- 


Fig. 1.2. Amedeo Avogadro (1776-1856). 
(The Bettmann Archive, Inc.) 


nislao Cannizzaro, in his Sketch of a 
Course of Chemical Philosophy as given 
in the University of Genoa, clarified 
and explained the significance of the 
ideas of his fellow countryman, Avoga- 
dro, published more than 40 years 
earlier. 

1.27. In order to appreciate the cir- 
cumstances at that time, it is necessary 
to consider the distinction between 
atom and molecule.* In the early years 
of the 19th century no very clear dif- 
ferentiation was made. Dalton, for ex- 
ample, occasionally used the term 
molecule as synonymous with his ulti- 


mate particle or atom. Furthermore, 
he did not discriminate between the 
particles of an element and those of a 
compound; he referred to both types 
as “atoms.” Avogadro, on the other 
hand, went to the other extreme; he 
did not use the term atom, but applied 
the general name of "molecule" to 
various particles. A careful reading of 
Avogadro’s writings, however, shows 
that he distinguished between three 
different types of molecules, although 
the distinction is implicit rather than 
explicit. There is little doubt that the 
situation was clear in Avogadro’s mind, 
but it is not so certain that his views 
were expressed plainly enough to be 
grasped by his contemporaries. In the 
succeeding decades, efforts were made 
to define the terms “atom” and “‘mol- 
ecule,” particularly by the French sci- 


| entists A. M. Gaudin (1833), A. M. 


Ampére (1835), A. Laurent (1846), and 
C. L. Gerhardt (1856). But it was Can- 
nizzaro's logical development of the 
consequences of the distinction be- 
tween these quantities that resulted in 
the opening of a new era in the deter- 
mination of atomic weights. 

1.28. A molecule may be defined as 
the smallest particle of any substance 
—element or compound—as it nor- 
mally exists. A molecule of a com- 
pound always contains atoms of two or 
more elements; thus, a molecule of 
water is represented by HO, because 
it consists of two atoms of hydrogen 
and one of oxygen. Since an atom of 
an element is indivisible, it is not pos- 
sible for a molecule to contain less than 
one atom of any element. Hence, for 
the present purpose, an atom may be 
regarded as the smallest, portion of an 
element that can be found in a mol- 


* From the diminutive of the Latin word moles (mass); hence, molecule means a small 


mass. 

t Avo; 
cules of elements he called “m 
“molécules intégrantes.”’ 


referred to the atoms of elements as “molécules élémentaires," and the mole- 
olécules constituantes." Molecules of compounds he termed 
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ecule of any of its compounds. Alter- 
natively, an atom is described as the 
smallest particle of an element that 
can enter into chemical combination. 
It is no longer permissible to speak of 
an “atom of a compound," or of a 
“compound atom,” as Dalton did; the 
ultimate particle of a compound is the 
molecule. If such a moleeule were 
further subdivided it would break up 
into the atoms of its constituent ele- 
ments, and hence would cease to be a 
compound. 


ATOMS AND MOLECULES 
or ELEMENTS 


1.29. One further point remains to 
be clarified, namely, the distinction 
between the atom and molecule of an 
element. The atom is the smallest 
conceivable particle of an element, as 
well as the smallest portion that can 
take part in chemical combination. 
However, it is not necessarily the 
smallest unit that can normally exist 
as such; it is the latter which is the 
molecule of the element. Consider, for 
example, the element oxygen, the gas 
which constitutes about one fifth of 
the air. The atom would be repre- 
sented by the symbol O, but the mole- 
cule is made up of a combination of 
two such atoms and hence is O». It is 
true that by the use of high temper- 
atures or by means of an electrical dis- 
charge some of the molecules can be 
split up into two atoms, but as soon as 
normal conditions are restored the 
atoms will reunite in pairs to form mol- 
ecules. Single atoms of oxygen tend to 
combine chemically with other atoms; 


Chap. 1 


if two atoms of oxygen interact with 
each other the result is an oxygen mol- 
ecule, but if one atom of oxygen unites 
with two atoms of hydrogen the result 
is a molecule of water. 

1.30. Under ordinary conditions of 
temperature and pressure, most ele- 
ments, at least those which are gases, 
such as oxygen, hydrogen, nitrogen, 
and chlorine, form diatomic molecules, 
that is to say, the molecule contains 
two atoms. There are, however, some 
important elements, namely the inert 
(or noble) gases of the atmosphere, for 
which the atom and the molecule are 
identical. The element helium, for ex- 
ample, as it occurs in the atmosphere 
and in certain natural gases, consists of 
single atoms and these may equally 
correctly be described as molecules. 
Thus, helium is said to be a monatomic 
gas. The atoms of helium, and of its 
related gases neon, argon, etc., are so 
inert that they will not unite with each 
other.* 


Avocapro’s Law AND 
THE DETERMINATION OF 
MorEcurLAR WkEIGHTS 


1.31. Bearing in mind the correct 
significance of the term molecule, the 
law proposed by Avogadro states that, 
under.the same conditions of temper- 
ature and pressure, equal volumes of 
different gases contain equal numbers 
of molecules.f The density of a gas is 
defined as the weight of a given vol- 
ume, say 1 liter, and hence is equal to 
the weight of the molecules contained 
in that volume. But, since for different. 
gases, this definite volume always con- 


* Until 1962, no chemical compounds of the inert (or noble) gases were known; in that year, 
however, the Canadian chemist N. Bartlett found that one of these gases, xenon, could be 
made to undergo chemical reaction. Since then, a number of compounds have been prepared 
of the heavier noble gases, krypton, xenon, and radon, with the strongly electronegative 
(electron-attracting) elements fluorine and oxygen. g $ 

t Dalton had previously (1808) considered this possibility but had rejected it, perhaps 
because of the confusion eire atoms and molecules. He wrote: “I had a confused idea 
. . . that a given volume of oxygenous gas contains just as many particles as the same volume 
of hydrogenous. . . . But . . . I became convinced that the different gases have not their 
particles of the same size [i.e., do not occupy equal volumes].”’ 


| 
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tains the same number of molecules, it 
follows that the density of a gas is 
directly proportional to the weight of 
its individual molecules. In the words 
of Avogadro: “Setting out from this 
hypothesis [as stated above], it is 
apparent that. we have the means of 
determining very easily the relative 
masses of the molecules of substances 
obtainable in the gaseous state . . . 


` for the ratios of the masses of the mol- 


ecules are then the same as those of 
the densities of the different gases at 
equal temperature and pressure.” 
1.32. By the comparison of densities 
it is thus possible to determine the 
weight of one molecular species with 
reference to that of another, and hence, 
for practical purposes, it is desirable to 
choose a uniform basis of reference for 
expressing molecular weights. That 
proposed by Cannizzaro, and now uni- 
versally adopted, is to use the same 
standard as ig employed for atomic 
weights. The molecular weight is then 


Molecular weight = Density 


Hence, if the molecular weight and 
density of a reference gas, B, are 
known, the molecular weight of A can 
be obtained from a measurement of its 
gaseous density, both densities being 
determined at the same temperature 
and pressure.* The substance B may 
be any convenient gas, such as oxygen. 
Since the molecule of oxygen contains 
two atoms, its molecular weight is 
twice the atomic weight given in § 1.24. 
Furthermore, its density is known and 
so the ratio of the molecular weight of 
oxygen to its density is available for 
use in the equation given above. It is 
a consequence of Avogadro’s law that 
the value of this ratio is independent 
of the nature of the reference gas; if 
the density at a temperature of 0°C 
and standard atmospheric pressure is 
expressed in terms of grams per liter, 
as is usually done, then the ratio is 
equal to 22.4136.} The equation for the 
molecular weight of any gaseous sub- 
stance may then be written as 


in grams per liter X 22.4136. 


at 0°C and 1 atm pressure 


equal to the sum of the conventional 
atomic weights (8 1.37) of the constit- 
uent elements, due allowance being 
made for.the number of atoms of each 
present in the molecule. 

1.33. Since the density of a gas is 
proportional to the weight of its mol- 
ecules, it follows that for any two 
gaseous substances, A and B, 


Molecular weight of A _ Density of A 
Molecular weight of B Density of B 


or 


Molecular weight of A = Density of A X 


MorECULAR WEIGHTS AND 
AToMIC WEIGHTS 


1.34. It now remains to be seen how 


the development of a reliable method 
of determining molecular weights pro- 
vided a solution for the atomic weight 
problem. If Dalton had known the 
molecular weight of water to be 18, 
with reference to hydrogen as unity, 
it would have been obvious that its for- 
mula could not be HO, as he thought; 
as stated above, this formula implied 


Molecular weight of B. 
Density of B 


* The use of ordinary densities does not give accurate molecular weights, but by applying 


certain corrections very precise values mi 


be obtained. These corrections are nt 


Ly n 
because Vu V law is strictly applicable only to "perfect" or “ideal” gases, whereas’ 
ressures. T 


actual gases do not behave ideally at ordinary 


temperatures and p 


t It can be readi [m that 22.4136 liters is the (ideal) MES S the given pron and 


pressure, occupied by the molecular weight of 


any gas exp! grams (cf. ). 
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an atomic weight of 8 for oxygen, and 
hence a molecular weight of 1+ 8, 
i.e., 9, for water. By taking the for- 
mula of water to be H;O, and making 
use of the experimental fact that one 
part by weight of hydrogen is united 
with eight parts of oxygen, it is readily 
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seen that the atomie weight of oxygen 
should be 16. In this event, the molec- 
ular weight of water would be 2 + 16, 
i.e., 18, as is actually found from gas 
density measurements. This type of 
argument has been used to determine 
the atomic weights of several elements. 


Atomic WEIGHTS* 


Atomic Atomic 
Element Symbol Number Weight 
Aluminum Al 13 26.982 
Antimony Sb 51 121.75 
Argon Ar 18 39.948 
Arsenic As 33 74.9216 
Barium Ba 56 137.34 
Beryllium Be 4 9.0122 
Bismuth Bi 83 208.98 
Boron B 5 10.811 
Bromine Br 35 79.909 
Cadmium Cd 48 112.40 
Calcium Ca 20 40.08 
Carbon [6 6 12.01115 
Cerium Ce 58 140.12 
Cesium Cs 55 132.905 
Chlorine Cl 17 35.453 
Chromium Cr 24 51.996 
Cobalt Co 27 58.9332 
Copper Cu 29 63.54 
Dysprosium Dy 66 162.50 
Erbium Er 68 167.26 
Europium Eu 63 151.96 
Fluorine F 9 18.998 
Gadolinium Gd 64 157.25 
Gallium Ga 31 69.72 
Germanium Ge 32 72.59 
Gold Au 79 196.967 
Hafnium Hf 72 178.49 
Helium He 2 4.0026 
Holmium Ho 67 164.93 
. Hydrogen H 1 1.00797 
Indium In 49 114.82 
Iodine I 53 126,904 
Tridium Ir 77 192.2 
Iron Fe 26 55.847 
Krypton Kr 36 83.80 
Lanthanum La 57 138.91 
Lead Pb 82 207.19 
Lithium Li 3 6.939 
Lutetium Lu 71 174.97 
Magnesium Mg 12 24.312 
Manganese Mn 25 54.938 
Mercury Hg 80 200.59 
Molybdenum Mo 42 95.94 


* Based on #C = 12.00000 (see § 6.62) 


Atomic Atomic 


Element Symbol Number Weight 
Neodymium Nd 60 144.24 
Neon Ne 10 20.183 
Nickel Ni 28 58.71 
Niobium Nb 41 92.906 
Nitrogen N 7 14.007 
Osmium Os 76 190.2 
Oxygen o 8 15.9994 
Palladium Pd 46 106.4 
Phosphorus £ 15 30.974 
Platinum Pt 78 195.09 
Potassium K 19 39.102 
Praseodymium Pr 59 140.91 
Protactinium Pa 91 231 
Radium Ra 88 226.05 
Radon Rn 86 222 
Rhenium Re 75 186.21 
Rhodium Rh 45 102.91 
Rubidium Rb 37 85.47 
Ruthenium Ru 44 101.07 
Samarium Sm 62 150.35 
Scandium Se 21 44.956 
Selenium Se 34 78.96 
Silicon Si 14 28.086 
Silver Ag 47 107.870 
Sodium Na 1 22.990 
Strontium Sr 38 87.62 
Sulfur S 16 32.064 
Tantalum Ta 73 180.95 
Tellurium Te 52 127.60 
Terbium Tb 65 158.924 
Thallium Tl 81 204.37 
"Thorium Th 90 232.04 
Thulium Tm 69 168.931 
Tin Sn 50 118.69 
Titanium Ti 22 47.90 
Tungsten Ww 74 183.85 
Uranium U 92 238.03 
Vanadium v 23 50.94 
Xenon Xe 54 131.30 
Ytterbium Yb 70 173.04 
Yttrium Y 39 88.905 
Zinc Zn 30 65.37 
Zirconium Zr 40 91.22 
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1.35. Since the atom is the smallest 
portion of an element that can be pres- 
ent in & molecule, the atomic weight 
must be the smallest weight of the ele- 
ment that can be found in à molecular 
weight of any of its compounds. This 
contention formed the basis of the pro- 
cedure introduced by Cannizzaro for 
the evaluation of atomie weights. Vol- 
atile compounds of & given element 
were prepared and their molecular 
weights derived from gas-density meas- 
urements. The various substances were 
then analyzed to determine the weight 
cf the element present in the molecular 
weight of each compound. The smallest, 
of the weights found in this manner or, 
more correctly, the highest common 
divisor of these weights, is the atomic 
weight of the element. 

1.36. Other uses have been made of 
molecular weights in connection with 
the derivation of the atomic weights of 
the elements, but sufficient has been 
stated here to indicate that the proper 
application of Avogadro's law helped 
to remove one of the outstanding diffi- 
culties that faced the chemists of the 
early 1800s. In the latter part of the 
same century methods were developed 
for determining molecular weights 
without resort to gas densities, so that 
nonvolatile solid compounds could be 


utilized in atomic weight studies. Fur- 


ther, greatly improved procedures, 
based on the use of chlorides and bro- 
mides, in place of oxides, have been 
employed for obtaining accurate com- 
bining (or equivalent) weights. As a 
result, chemical atomic weights of 
nearly all the elements, as they occur 
on the earth, have been ascertained 
with a considérable degree of accuracy. 
In addition, precise determinations of 


* The significance of the “atomic number” 
t Prout referred to this as “an opinion . . 


atomic weights have been made by 
means of the mass spectrometer (Chap- 
ter 6). 

1.37. The accompanying table gives 
what are believed to be the best values 
of the atomic weights of 86 elements, 
as they occur in nature, arranged in 
alphabetical order of their names. The 
recognized symbols for the various el- 
ements are also given.* It should be 
borne in mind that, although the data 
are considered to be reliable, some of 
the results may be based on exper- 
imental determinations containing un-, 
suspected errors. Consequently, revised 
lists of atomic weights, with minor 
corrections, are issued from time to 
time, as new and more accurate exper- 
iments are performed. 


Prout’s HyPorHESIS 


1.38. In 1816, when few atomic 
weights were yet known, and those 
only approximately, the English phy- 
sician William Prout thought it pos- 
sible that all atomic weights were in- 
tegral i.e., whole numbers without 
fractions. In other words, he consid- 
ered the atomic weights of all elements 
might be multiples of that of hydrogen. 
Prout then went on to say: "If the 
view we have ventured to advance be 
correct, we may consider the protyle of 
the ancients to be realized in hy- 
drogeti.”’ } 

1.39. One of the consequences of the 
announcement of Prout’s hypothesis of 
the integral nature of atomic weights 
was the stimulus it gave to accurate de- 
terminations of these quantities. When 
definite fractional atomic weights, such 
as those of chlorine (35.45) and copper 
(63.54), were obtained, the hypothesis 
fell into disfavor, but in due course it 


will be explained in §§ 1.44, 4.23. 


not altogether new," apparently because his 


eminent Bayt Humphry Davy and others thought they had p by experiments 


now known to be 


; that hydrogen might actually be present in many e 


lements. 
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came to be realized that there was 
some basis for the idea. If the appended 
table is examined, it will be seen that 
nearly half the elements have atomic 
weights which are within about 0.1 of 
a whole number. As R. J. Strutt (later 


Lord Rayleigh, 4th Baron) said in 1901; | 


“The atomic weights tend to approx- 
imate to whole numbers far more, 
closely than can reasonably be ac- 
counted for by any accidental coin- 
cidence . . . the chance of any sueh 
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coincidence being the explanation is 
not more than 1 in 1000.” After the 
subject of isotopes has been considered 
in Chapter 6, it will be seen that both 
(near) integral and fractional atomic 
weights have an explanation, and that 
Prout’s hypothesis, in a modified form, 


has real significance. Even the sugges- 


tion that hydrogen is the primal matter 
or protyle, of which other elements are 
built up, is not completely invalid. 


THE PERIODIC SYSTEM 


CLASSIFICATION OF THE ELEMENTS 


1.40. As far back as 1829, the Ger- 
man chemist J. W. Débereiner had 
called attention to a simple relation- 
ship among the atomic weights of el- 
ements having similar properties. The 
matter attracted the interest of other 
scientists, but their activities were 
handicapped by the uncertainties con- 
cerning actual atomic weight values. 
After the publication of Cannizzaro’s 
historic paper in 1858, reliable atomic 
weights became available and attempts 
to correlate them with the physical and 
chemical properties of the elements 
were increasingly successful. In France, 
for example, B. de Chancourtois,: in 
1862, had arranged the elements, in 
order of increasing atomic weight, in 
the form of a spiral or screw. He then 
found that elements with analogous 
properties occupied related positions 
on the spiral. Quite independently, the 
English chemist J. A. R. Newlands 
madea similar discovery in 1865, which 
he published as the “law of octaves.” 
Newlands stated that if the elements 
are placed in a sequence according to 


their atomic weights, they fall into 
groups such that the eighth element 
has properties similar to the first, the 
ninth to the second, the tenth to the 
third, and so on, somewhat like a series 
of octaves in music. Although the 
scheme had some merit, Newlands car- 
ried the octave rule too far. This fact, 
combined with his use of incorrect 
atomic weights in some instances and 
his failure to realize that elements 
might exist which had not yet been 
identified, resulted in some highly im- 
probable associations. Thus, iron found 
itself classified with sulfur, and gold 
with iodine, associations which no 
chemist could accept. 


Tue Prriopic Law 


1.41. In 1869, the Russian scientist 
D. I. Mendelyeev* (Fig. 1.3) published 
a short note On the Relationships of the 
Properties of the Elements to their 
Atomic Weights, which he subsequently 
elaborated, in 1871, in the form of a 
lengthy paper on The Periodic Regular- 
ities of the Chemical Elements. Although 


*The Russian name has been transliterated in many different ways; the one given here 
nternalional Dictionary, 


is taken from Webster's New Ii 


, Second Edition, 1941. 
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Lothar Meyer in Germany had indi- 
cated in 1864, and again in 1869, that 
certain properties of the elements were 
a periodic function of their atomic 


Fic. 1.8. Dmitri I. Mendelyeev (1834- 
1907). (The Bettmann Archive, Inc.) 


weights, it is the Russian chemist who 
is regarded as the effective originator 
of the periodic law, and of the method 
of classifying the elements based on 
this law. It was already apparent, 
Mendelyeev said, “during the period 
1860-1870 . . . that relations between 
atomic weights of analogous elements 
were governed by some general and 
simple law. . . . When I arranged the 
elements according to the magnitude 
of their atomic weights, beginning with 
the smallest, it became evident that 
there exists a kind of periodicity in 
their properties. I designate by the 
name periodic law the mutual relations 
between the properties of the elements 


` and their atomic weights; these rela- 


tions are applicable to all the elements 


and have the nature of a periodic 
function." 

1.42. The success of Mendelyeev's 
arrangement of the elements lay in his 
emphasis on the repetition of physical 
and chemical properties at definite in- 
tervals. Where the periodic properties 
appeared to break down, he boldly 
proclaimed that in some instances the 
accepted atomic weights were grossly 
in error, and in others allowance, must 
be made for elements as yet undiscov- 
ered. It is in the latter connection that 
the periodic law achieved its most 
striking successes. By considering the 
properties of known elements sur- 
rounding the gaps left for apparently 
missing elements, Mendelyeev pre- 
dicted the behavior of the latter in 
great detail. In three cases, in partic- 
ular, the discovery of the actual ele- 
ments, gallium in 1875, scandium in 
1879, and germanium in 1886, pro- 
vided a brilliant vindication of these 
predictions. It was, in fact, not until 
1875, when the French chemist L. de 
Boisbaudran identified, in zinc blende 
from the Pyrenees, a hitherto unknown 
element, which he called gallium, that 
the periodic law began to attract gen- 
eral interest.* 

1.43. Although some of Mende- 
lyeev's prognostications were subse- 
quently found to be incorrect, and 
certain features of his original periodic 
classification have had to be amended, 
the fundamental principles of his law 
remain unchallenged. It is now ac- 
cepted as one of the cardinal truths of 
nature, and a close connection has been 
established *between the positions of 
the elements in the periodic arrange- 
ment and the internal structure of 
their atoms. 

1.44. A modern form of the periodic 


* An account of Mendelyeev's work, believed to be the first in English, was published in 


the London Chemical News in December 1875; 


in 1879-80. 


his 1871 paper was translated in this journal 
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table, which includes all the known 
elements arranged, with some minor 
exceptions,* in the order of increasing 
atomic weights, is appended. The ele- 
ments whose symbols are in paren- 
theses are too unstable to exist in 
nature to any appreciable extent; they 
have, however, been produced in recent 
years by the disintegration and trans- 
mutation of other elements. The or- 
dinal number of each element in the 
series, referred to as the atomic number 
(§ 4.23), is given in each case. 

1.45. The table is seen to consist of 
a number of horizontal lines, called 
periods, containing 2, 8, 8, 18, 18, 32, 
and 18 (incomplete) elements, respec- 
tively.t In each period there is a def- 
inite and characteristic gradation of 
chemical and physical properties, from 
one element to the next. In some places 
the gradation is quite marked, e.g., Al, 
Si, P, 8, Cl, Ar; but at other points, 
e.g., Cr, Mn, Fe, Co, Ni, Cu, Zn, it is 
relatively small. These facts have been 
explained in terms of the structures of 
the atoms of the respective elements. 

1.46. The vertical columns into 
which the table is divided are called 
groups; most of these groups consist of 
A and B subgroups, viz., IA, IB, IIA, 
IIB, ete. Similarities of a minor char- 
acter exist between the members of an 
A subgroup on the one hand, and those 
of the corresponding B subgroup on 
the other hand. In each subgroup the 
elements have analogous properties, 
although there is a steady but gradual 
variation with increasing atomic 
weight. It is this repetition of physical 
and chemical characteristics, occurring 
at regular intervals, that represents the 
periodicity to which Mendelyeev, and 
others, called attention. 

* These are the pai 


for which the atomic weight differences are 
+ It was the occurrence of the second and 


that led Newlands to propose his “law of octaves.’’ Since 
were known at the time, 3t is obvious that the 


quent periods are 


1.47. The presence of Group 0, con- 
sisting of the so-called inert (or noble) 
gases, is of particular interest, None 
of the elements of this group had been 
identified, at least on the earth, until. 
1895; heace, the early groups in the 
periodic table were numbered from I to 
VIII. When the noble gases of the at- 
mosphere were discovered it was soon 
seen that they formed a group between 
VIIB and IA, but, in order to avoid a 
complete renumbering, the symbol 0 
(zero) was assigned to the new group. 
This symbol is especially appropriate 
because of the relatively inert nature 
of the elements concerned (see, how- 
ever, footnote to § 1.30). 


LANTHANIDE AND ACTINIDE SERIES 


1.48. There are numerous other im- 
portant features of the periodic table, 
but the discussion given here will be 
restricted to one of particular interest. 
In Group IIIA, Period 6, there appears, 
in place of a single element, a series of 
15 elements with atomic (ordinal) 
numbers from 57 to 71, inclusive, the 
details of which are recorded below the 
main table. These elements, called the 
lanthanide series, after the name of its 
first member (lanthanum), are more 
familiarly known as the rare-earth 
series. They have properties which are 
so closely related that their separation 
from one another has been a challeng- 
ing chemical problem. 

1.49. In view of the existence of the 
lanthanide series, there has been much 
speculation concerning the possibility 
of the occurrence of an analogous ac- 
tinide series, beginning with the ele- 
ment actinium, atomic number 89. In 
the periodic tables to be found in books 
and papers published before 1945, and 


and potassium, cobalt and nickel, and tellurium and iodine 
third periods of eight elements, of which seven 


the subse- 
“law” must then break down. 
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even later, the four elements of this 
possible series, whose properties were 
generally known at the time, namely, 
actinium, thorium, protactinium, and 
uranium, are placed in Groups IIIA, 
IVA, VA, and VIA. In other words, 
prior to 1945, most chemists would 
have doubted the existence of an acti- 
nide series; the feeling was that Period 
7 would behave more like Period 5 
than like Period 6. However, informa- 


tion obtained since 1939 has thrown 
an entirely new light on the situation 
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(see Chapter 16). A study of the chem- 
ical properties of the new “artificial” 
elements neptunium (Np, 93), pluto- 
nium (Pu, 94), americium (Am, 95), 
curium (Cm, 96), berkelium (Bk, 97), 
californium (Cf, 98), einsteinium (Es, 
99), fermium (Fm, 100), and men- 
delevium (Md, 101), and a reinvesti- 
gation of those of uranium (92), has 
shown clearly that these elements have 
properties which would make them 
members of a series similar to the lan- 
thanide series.* 


THE SIZES AND WEIGHTS OF ATOMS 


ATOMIC WEIGHTS AND THE | 
REALITY or ATOMS 


1.50. So far, the atomic concept has 
been presented purely as a working 
theory, without any definite proof that 
atoms actually exist. By assuming that 
compounds are composed of molecules, 
which are themselves built up from 
atoms of various elements, it has been 
possible to ascribe atomic weights to 
these elements. The fact that the 
arrangement of the elements in order 
of increasing atomic weight brings out 
a striking periodicity of characteristic 
properties, suggests that these weights 
do have significance. The results thus 
provide some support for the theory 
that all matter is constructed ulti- 
mately of atoms. But if information 
could be obtained from various sources 
concerning the sizes and actual weights, 
as distinct from the relative weights, 
of atoms, a general agreement among 
the values might serve as a more con- 
vincing argument for the atomic theory. 


MOLECULAR Size; EARLY 
ESTIMATES 


1.51. The first reasonably accurate 
estimate of molecular size was pub- 


lished by the English physicist Thomas 
Young, in an essay on Cohesion, writ- 
ten in 1816 for the Supplement of the 
Encyclopaedia Britannica. In this ar- 
ticle, he said: “Within certain limits of 
accuracy, we may obtain something 
like a conjectural estimate of the 
mutual distance of the particles of va- 
pours, and even of the actual magnitude 
of the elementary atoms of liquids, as 
supposed to be nearly in contact with 
each other; for if the distance, at which 
the force of cohesion begins, is con- 
stant at the same temperature, and if 
the particles of steam are condensed 
when they approach within this dis- 
tance, it follows that at 60? of F. the 
distance of particles of pure aqueous 
vapour is about the 250 millionth of 
an inch." From this result and a com- 
parison of the densities of liquid and 
vapor, Young concluded that the di- 
ameter of a water molecule was about 
a billionth, i.e., 10-?, of an inch. Con- 
sidering the approximate nature of the 
caleulation and the very small magni- 
tudes involved, this result is remark- 
ably good; it is roughly one tenth of 
the value now accepted. 

1.52. Thomas Young's estimate of 


* The known elements 102 and n Drobebly. also belong to this series, but the quantities 


isolated so far are too small to permit 


x 


chemical properties to be studied. 


K 


Foundations of the Atomic Theory 19 


molecular size was based on intelligent 
guessing, but further developments in 
physical theory were necessary before 
substantial progress could be made. 
One of these was related to the behav- 
ior of gases. The fact that gases exert 
a pressure or "spring," as Robert Boyle 
ealled it, has been explained by the 
kinetic theory. According to this the- 
ory the molecules of a gas are assumed 
to be constantly in motion, frequently 
striking one another and the walls of 
the containing vessel, and so contin- 
ually changing their directions. By 
making use of this relatively simple 
concept, mathematicians and physi- 
cists, notably R. Clausius in Germany 
and J. C. Maxwell in England, in the 
period between 1850 and 1860, were 
able to derive a number of equations 
relating certain measurable properties 
of a gas to the characteristics of the 
individual molecules. One of these 
equations showed how the viscosity, or 
resistance to flow, of a gas depends on 
the size of the molecules and the num- 
ber present in-unit volume. As neither 
of the latter quantities was known, 
however, the relationship to the viscos- 
ity, which could be determined exper- 
imentally, appeared to have no prac- 
tical value, since no solution can be 
obtained for a single equation with 
two unknown quantities. 

1.53. The dilemma was solved in a 
simple, if approximate, manner by the 
Austrian scientist J. Loschmidt in 1865. 
He pointed out that if molecules could 
be regarded as spherical in shape, and 
if, further, it was supposed that in the 
liquid state these molecular spheres 
were packed as closely as possible, an- 
other equation could be readily derived 
relating the size and number of mol- 
ecules to the density of the liquid. 


* According 


at a given temperature and re, 
Loschinidt's results confirmed the law. 


Hence, if there are known the viscos- 
ity of a particular gas and the density 
of the liquid which is formed when the 
gas is compressed and cooled, the two 
equations permit the size of the given 
molecule and the number present in a 
unit volume to be calculated. 

1.54. Upon applying this procedure 
to nitrogen, oxygen, and carbon diox- 
ide, Loschmidt found these molecules 
to be slightly more than one ten-mil- 
lionth of a centimeter i.e., 10-7 cm, in 
diameter, a value now known to be too 
large by a factor of about five, but, 
nevertheless, of the correct order of 
magnitude. In addition, the caleula- 
tions showed that in each case there 
were present, under ordinary condi- 
tions of temperature and pressure, 
about two billion billion, i.e., 2 X 1018, 
individual molecules in one cubic cen- 
timeter (1 cc) of a gas, a figure which 
is some 14 times too small.* The weight 
of 1 ce of oxygen gas, for example, is 
known, and consequently the weight 
of a single oxygen molecule could be 
calculated. The weight of an atom 
would then be one half of this quan- 
tity. In spite of their approximate 
nature, partly due to the use of inac- 
curate viscosity data and partly be- 
cause of the assumption that a liquid 
consists of close-packed spheres, Lo- 
schmidt’s results are important, for 
they represent the first attempt, based 
on sound theoretical principles, to es- 
timate the properties of single mol- 
ecules. 

1.55. In 1870, the eminent Scottish 
physicist and inventor, William Thom- 
son, later Lord Kelvin, reviewed a 
number of methods for determining 
molecular size, and concluded that 
they all led to values of the same order, 
namely, about 10-5 em for the diam- 


vogadro’s law, the number of molecules in 1 cc of gas should be the same, 
bis id Ee for all gases. Within the limits of their accuracy, 
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eter of a molecule. In a lecture deliv- 
ered at the Royal Institution, London, 
in 1881 he tried to convey some idea 
of the extreme smallness of atoms and 
molecules as follows: “To form some 
conception [of molecular size] . . . 
imagine a globe of water as large as a 
[spherical] football . . . , say 16 cen- 
timetres in diameter, to be magnified 
up to the size of the earth, each con- 
stituent molecule being magnified in 
the same proportion. The magnified 
structure would be more coarse-grained 
than a heap of small shot but probably 
less coarse-grained than a heap of foot- 
balls." 


Tue AVOGADRO NUMBER 


1.56. Before proceeding to a discus- 
sion of more recent work dealing with 
molecular properties, reference must 
be made to an incidental matter. By 
Avogadro's law, the number of individ- 
ual molecules in a given volume of 
(ideal) gas is independent of the chem- 
ieal nature of the gas. For purposes of 
record any convenient volume may be 
chosen, but there is a particular vol- 
ume. that has special significance. If 
the molecular weight of any substance 
is expressed in grams, the resulting 
quantity is known as a gram molecular 
weight, a gram molecule or, more briefly, 
as a mole of the substance. Thus, 2.0159 
grams of hydrogen, 31.999 grams of 
oxygen, and 28.014 grams of nitrogen, 
each represent one mole of the respec- 
tive substances. Experiments with a 
large number of gases have shown, in 
accordance with Avogadro's law, that, 
after correcting for departure from 
ideal behavior ($ 1.33, footnote), one 
mole of any gas always has a volume 
of 22.4136 liters at à temperature of 
0*C and a pressure of 1 atmosphere. 
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This is known as the gaseous molar 
volume at standard temperature and 
pressure, and the number of individual 
molecules present in this volume, which 
is the same for all gases, is called the 
Avogadro number or Avogadro's constant. 

1.57. Since the molar volume con- 
tains one mole, the Avogadro number 
is the number of individual molecules 
in one gram molecule.* Hence, if the 
molecular weight of any substance, 
element or compound, is divided by 
the Avogadro number, the result is the 
weight (or mass) expressed in grams. 
of a single molecule of that substance. 
Similarly, the weight in grams of & 
single atom of any element is obtained 
upon dividing its atomie weight by the 
Avogadro constant. 

1.58. One of the most notable stud- 
ies relating to molecules was under- 
taken in France by J. Perrin, beginning 
about 1908. Some 80 years earlier, the 


English botanist Robert Brown had E 


noticed that small, microscopic par- 
ticles, e.g., those in pollen grains, when 
suspended in water exhibited contin- 


ual and haphazard motion in all direc- — ~ 


tions. In fact, their behavior was, on 
a large scale, exactly what would have 
been expected from molecules if they 
behaved in accordance with the kinetic 
theory ($1.52). The phenomenon, 
which Brown and others observed with 
small suspended particles of many 
kinds, is called the Brownian movement. 
The motion is now attributed to the 
continuous bombardment of the par- 
ticles by the molecules of the medium 
in which they are suspended. Thus, 
the movement of the particles, as seen 
in the microscope, represents in a sense 
a highly magnified picture of the mo- 
tion of the invisible molecules which 
surround them. Perrin made a series of 


* One mole of a substance must contain the same number of individual molecules irrespec- 


tive of its state, solid, liquid, or OUS. 


Consequently, the Avogadro constant gives the 


number of molecules in one mole of any substance, 
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measurements on various types of sus- 
pended particles, and by assuming that 
they behaved just like molecules obey- 
ing the equations derived from the 
kinetic theory of gases, he was able to 
calculate the Avogadro number. 

1.59. In other experiments on the 
motion of suspended particles, Perrin 
made use of an equation first derived 
by A. Einstein in 1905. By combining 
this with other equations, further rela- 
tionships were obtained which permit- 
ted independent estimates to be made 
of the number of molecules contained 
in a given volume of gas. The striking 
fact that emerged from this work was 
that the value of the Avogadro num- 
ber was always the same—about 6 X 
10?:— within the limits of experimental 
error, irrespective of the type of meas- 
urement upon which it was based. 


Moreover, the value was in excellent. 
agreement with that derived from more 
refined calculations, of the type first 
made by Loschmidt, utilizing the prop- 
erties of gases. The fact that observa- 
tions of such entirely different types 
gave virtually identical results was of 
the greatest significance. Apart from 
yielding information concerning the 
Avogadro number, the work of Perrin 
has been regarded as providing some 
of the most convincing evidence for the 
real existence of molecules. 

1.60. Several other procedures for 
evaluating the Avogadro constant, 
ranging in scope from radioactivity to 
the blue color of the sky, have been 
developed. Two of these give results of 
special accuracy; the first is based on 
measurement of the charge carried by 
an electron (§ 2.41), and the second 
involves X-ray studies with crystals. 
The value of the Avogadro number 
thus obtained is 6.0225 X 10, and 
this is the number of individual mol- 
ecules in a gram molecular weight, i.e., 
in a mole, of any substance. 
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Atoms IN Gas, Soup, AND Liquip 


1.61. Under ordinary atmospheric 
conditions, 1 ec of a gas, regardless of 
its nature, contains about 2.7 X 10!* 
molecules. Gaseous molecules are usu- 
ally made up of from 1 to 10 atoms 
and so the volume of gas specified in- 
eludes, on an average, a total of some- 
thing like 10% atoms. In certain 
atomie studies, some of which will be 
referred to later in this book, it is 
necessary to produce what is known 
as a “high vacuum," by pumping as 
much as possible of the gas from the 
containing vessels. However, even in 
the best vacuum normally attainable 
in the laboratory, with the pressure 
reduced to one million-millionth (1071?) 
of an atmosphere, or less, 1 cc of gas, 
at ordinary temperatures, still con- 
tains more than ten million, i.e., more 
than 107, molecules. 

1.62. Liquids and solids, being more 
highly condensed than gases, contain 
even more atoms and molecules per 
unit volume. As distinct from the be- 
havior of gases, the number of mole- 
cules now depends on the nature of the 
substance. It is determined, essentially, 
by the ratio of the density of the solid 
or liquid to that of the same material 
in the form of gas or vapor. But, as a 
rough approximation, it may be stated 
that a solid or liquid contains about 
one thousand times as many atoms as 
an equal volume of gas at normal pres- 
sure. Consequently, under ordinary 
conditions, there are something like 
1023 atoms in 1 ce of liquid or solid 
material of average density. 

1.63. The number of molecules in a 
specified weight of any material, gas- 
eous, liquid, or solid, can be caleulated 
in the following manner. The weight in 
grams is first divided by the molecular 
weight, to give the number of moles 
present. Upon multiplication of this 
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result by the Avogadro number, i.e., 
6.0225 X 10?*, which is the number of 
molecules in 1 mole, there is obtained 
the total number of individual mol- 
ecules in the material. If the latter is 
an element, division of the weight by 
the atomic weight and multiplication 
by the Avogadro number gives, corre- 
spondingly, the number of atoms pres- 
ent. 


WEIGHTS AND SIZES OF 
ATOMS AND MOLECULES 


1.64. As already stated, the weight 
(or mass) in grams of a single atom or 
molecule can be determined by divid- 
ing the respective atomic or molecular 
weight by the Avogadro number. Thus, 
the weight of the lightest atom, hydro- 
gen, is found to be 1.67 X 10-* gram, 
whereas that of the heaviest naturally 
occurring element, uranium, is 3.95 X 
107? gram.* Special balances, designed 
for weighing small quantities (§ 16.16), 
can detect a mass as small as 10-5 
gram. Such a minute speck of matter, 
say of uranium, would be invisible to 
the naked eye, but it would, neverthe- 
less, contain more than 10!? atoms. 

1.65. Now that the Avogadro con- 
Stant, and hence the number of mol- 
ecules in 1 ce of gas, may be regarded 
as known, use may be made of the 
kinetic theory equations, referred to 
earlier, to derive molecular diameters 
from such measurements as the viscos- 
ity, diffusion, or heat conductivity of 
gases. Since the number of atoms in 
the molecule is usually known, an es- 
timate may be made of the diameters 
of some of the lighter atoms. In this 
way, the diameter of a hydrogen atoni, 
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the smallest atom of all, is found to be 
1.35 X 1078 em, that of helium 2.0 x 
1078 em, and of nitrogen and oxygen 
about 1.8 X 10-5 cem. Thus, the lighter 
atoms, and molecules containing a rel- 
atively few atoms, have diameters of 
the order of 10-* cm. For atoms, at 
least, which may be regarded as spher- 
ical in shape, this also represents the 
order of magnitude of their radii. 

1.66. An approximate estimate of 
molecular and atomic radii can be 
made by utilizing Loschmidt’s assump- 
tion that a liquid or, better, a solid 
may be treated as an arrangement of 


:elosely-packed spherical molecules (or 


atoms). The molecular weight of water, 
for example, is 18, and hence 18 grams 
of water, which occupy about 18 cc in 
the liquid state, contain 6 X 10?*, the 
Avogadro number, of molecules. If the 
water molecules were cubic in shape, 
so that they packed together without 
any free space, the volume of a single 
molecule would be 18 divided by 6 X 
10?*, i.e., 3 X 10=™ ec. If the shape is 
assumed to be spherical, the volume 
would be somewhat less, say about 
2 X 107?* cc. The volume of a sphere 
of radius r is 47/3, where v has its 
usual value of 3.14; consequently, it 
can be readily calculated that, if the 
water molecule were spherical, its ra- 
dius would be about 1.7 X 10-7? em. It 
can be seen that this simple method 
gives results of the correct order of 
magnitude, and provides an approx- 
imate indication of molecular and 
atomic dimensions. 

1.67. Individual atoms thus are so 
small that they cannot be detected 
even in the most powerful electron 


* The word ‘“‘heaviest”’ as used here refers to the relative weights (or masses) of the atoms. 
The conventional “heaviness,” of the solid, for example, which is really the density, or weight 
of a specified volume, depends on the weight of the atoms and also on the way they are packed 
together in the solid. Heavy atoms loosely packed might give a solid of lower density than 


lighter atoms very tightly packed, 
These figures are pro 


ably all about 0.3 X 10-* em larger than the true atomic diameters 


because kinetic theory equations give the collision diameter, i.e., the closest distance to which 


two molecules can approach each other. 
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microscopes, which give a magnifica- 
tion of about 100,000. It is possible 
that some large naturally occurring 
molecules, particularly those which are 
protein-like in character, can be ren- 
dered visible in this manner, but each 
of these complex molecules consists of 
thousands of atoms. The smallest 
speck of matter which might be ex- 
pected to be visible in a good, optical 
microscope would contain something 
like a billion (10°) atoms! 

1.68. In recent years three methods, 
in particular, have been used to deter- 
mine the sizes of atoms and molecules. 
For solids the diffraction of X-rays 
(§ 2.93) has been employed, and for 
gases application has been made of the 
diffraction of electrons (§ 3.42), and 
also of the so-called “band” spectra of 
molecules. For purposes of reference, 
and as a matter of general interest, the 
approximate atomic radii of a number 
of the more familiar elements are 
quoted here. For convenience, the re- 
sults are commonly expressed in ang- 
strom units, where 1 angstrom, rep- 
resented by the symbol A, is equal to 
107? cm.* 


APPROXIMATE Atomic RADII 


Atomic Atomic 
Element Radius Element Radius 
Hydrogen 0.53A Aluminum 1.458 
Oxygen 0.74 Magnesium 1.6 
Carbon 0.77 Lead 1.75 
Arsenic 1.2 Sodium 1.9 
Tin 1.4 Potassium 2.35 


1.69. It isa remarkable achievement 
that) in spite of their almost infini- 
tesimal smallness, atoms have been 
weighed and measured. The results 
have been obtained. indirectly, it is 
true, but they are believed to be just 
as certain as if each individual atom 
had been handled. Still more wonder- 
ful is the fact that methods have been 
found for prying into the very interior 
of the atom and of studying the de- 
tailed structure of matter. Although a 
great deal still remains to be discovered 
in this field, striking progress has al- 
ready been made. Much of the infor- 
mation has stemmed from studies on 
the passage of electricity through gases 
at low pressures, a subject which will 
be considered in the next chapter. 
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Chapter 2 


THE NATURE OF ELECTRICITY 


POSITIVE AND NEGATIVE 
ELECTRICITY 


2.1. As with so many modern ideas, 
the origin of the study of electricity 
may be traced to the Greeks. The 
philosophers of ancient Greece were 
inclined to be thinkers rather than ex- 
perimenters, but they did observe, as 
far back as 600 s.c., that when a 
piece of amber is rubbed, for example, 
with fur or cloth, it acquires the 
property of attracting to itself light 
partieles, such as feathers and wool. 
This phenomenon was studied by Wil- 
liam Gilbert, personal physician to 
Queen Elizabeth, in the latter half of 
the 16th century, and for it he pro- 
posed the name electricity, after the 
Greek word elektron, meaning amber. 
Gilbert also noticed that other sub- 
stances besides amber, such as glass 
and some gems, become electrified 
when rubbed, so that they are then 
able to attract light particles. 

2.2. Little progress was made for 
over a hundred years until 1733 when 
C. F. DuFay in France found that, 
although sealing wax rubbed with cat’s 
fur and a glass rod rubbed with silk 
both became electrified, there is a dif- 
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ference in the electrification they ac- 
quire. Thus, an electrified body which 


is attracted by the sealing wax is ` 


strongly repelled by the glass, and vice 
versa. The two kinds of electricity were 
called vitreous (glass) and resinous 
(sealing wax). But it was the remark- 
able American philosopher and states- 
man Benjamin Franklin, who, in 1747, 
proposed the terms positive and nega- 
tive electricity, which are still in gen- 
eral use. In the middle of the 18th 
century electrification was considered 
to be due to a “fluid,” and Franklin 
thought that when glass was rubbed 
with the dry hand, some of the electric 
fluid passed from the hand to the glass. 
The latter thus having an excess, or 
"plus," of electric fluid was said to be 
electrified positively, whereas the hand, 


having a deficit, or “minus,” of the © 


fluid was regarded as having a neg- 
ative charge. 

2.3. Franklin was apparently un- 
aware of DuFay's classification of vit- 
reous and resinous electricities, but 
others soon realized that the former 
was equivalent to Franklin’s positive 
and the latter to his negative electric- 
ity. Thus, glass becomes positively 


So 


a 
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charged, and sealing wax acquires a 
negative charge when rubbed. The ob- 
servations made by DuFay relating to 
the attraction and repulsion of charged 
bodies are readily explained if it is 
supposed that unlike charges attract, 
whereas like charges repel one another. 
The positively charged glass attracts 
the negatively charged sealing wax, 
but repels another positively charged 
glass rod. 

2.4. Actually, Franklin had no valid 
grounds, as he seemed later to realize, 
for believing that glass acquires an ex- 
cess of electricity when rubbed. Con- 
sequently, his use of the terms positive 
and negative were really arbitrary. 
Nevertheless, they are used today in 
the same sense as when they were in- 

_ troduced over 200 years ago. Any elec- 
trified body which repels, or is repelled 
by, electrified glass, or attracts, or is 
attracted by, electrified sealing wax is 
said to be positively electrified or to 
carry a positive electric charge, Sim- 
ilarly, an electrified body is regarded 
as having a negative charge when it 
attracts electrified glass and repels elec- 
trified sealing wax. It will be seen in 
§ 2.53 that it would have simplified 
many things if Franklin had con- 
cluded, as he might well have done, 
that glass became negatively electri- 
fied when rubbed. Unfortunately, he 
did not do so, and the study of electric- 
ity has become so thoroughly imbued 
with these particular associations of 
positive and negative charges that it 
would now be virtually impossible to 
make any change, no matter how 
convenient such a change might prove 
to be. 


STATIC AND Dynamic ELECTRICITY 


2.5. The electrical phenomena stud- 
ied by Gilbert, DuFay, Franklin, and 
others have become known as fric- 


tional or static electricity—because of | 


its mode of production—to distinguish 
it from the so-called dynamic elec- 
tricity, discovered at the end of the 
18th century. In 1780, the anatomist 
Luigi Galvani, in Italy, had noticed 
that when one of the nerves of a freshly 
killed frog was touched with a metal 
scalpel while an electric spark was be- 
ing produced on a nearby frictional 
machine, the muscles of the frog 
twitched. Later, when investigating 
the phenomenon, which he attributed 
to “animal electricity,” he found that 
similar effects could be produced sim- 
ply by making contact between two 
pieces of metal, one of which was 
placed touching a muscle, and the 
other a nerve of the frog. 

2.6. The “animal” nature of the 
electricity was doubted by a contem- 
porary Italian physicist Alessandro 
Volta, who suggested that the essential 
factor in the production of the effects 
observed was the presence of two 
metals. He proved the point in 1796 
by showing that electricity could be 
generated by means of pieces of two 
different metals, such as zinc and 
silver, separated by wet pasteboard or 
leather. A system of this type subse- 
quently became known as a galvanic 
(or voltaic) cell, in honor of Galvani 
and Volta, respectively. 


PorENTIAL AND CURRENT 


2.7. The kind of electricity produced 
by a cell—called galvanic or voltaic 
electricity—appeared at first to be dif- 
ferent from the frictional ‘electricity 
which results from rubbing a nonmetal- 
lic substance. The former has the prop- 
erty of flowing along a metal wire, 
whereas the latter appeared to be con- 
fined to a particular body, so that the 
terms dynamic and static were em- 
ployed, as stated above. But after 
various experimenters, during the early 
years of the 19th century, had shown 
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that identical effects could be produced 
by both static and dynamic electricity, 
the famous English scientist Michael 
Faraday, in 1833, explained the appar- 
ent difference. 

2.8. In 1776, Henry Cavendish had 
suggested that two electrical factors, 
namely, "quantity" and "intensity," 
must be distinguished. For the pur- 
pose of analogy, electricity may be 
compared with the flow of water in a 
waterfall. The intensity of electricity, 
referred to as the potential or voltage, 
since it is usually measured in voli 
units, is equivalent to the height of the 
fall; on the other hand, the quantity 
of electricity, sometimes called the 
charge, is analogous to the amount of 
water in the fall. One waterfall may be 
very high but contain the merest trickle 
of water, whereas another may con- 
sist of a large volume of water falling 
through a relatively small height. So 
it is with electricity. Faraday showed 
that in static electricity the potential 
or voltage is high, but the charge or 
quantity is small; in dynamic electric- 
ity, however, the situation is reversed, 
comparatively speaking, the voltage 
being smaller but the quantity is larger. 
The energy available at the bottom of 
a waterfall is determined by the prod- 
uct of the height of the fall and the 
quantity of water falling. A similar 
rule applies to electricity: the electrical 
energy is calculated by multiplying 
together the potential and the charge. 

2.9. When two bodies, one of which 
is charged positively and the other 
negatively, are connected together, by 
8 metal rod or wire for example, there 
will be a flow of electrical charge, 
which is called an electric current. The 
strength of the current, usually ex- 
pressed in amperes, is the rate at which 

A y 
electric current, The term fea rae mee 
particular kind of force, e.g., m 
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the charge flows between the two 
bodies. Even if a connecting wire is 
not used, and the. potentials of the 
charged bodies—one positive and one 
negative—are high enough, so that 
there is a large potential difference be- 
tween them, electricity will flow from 
one body to another in the form of an 
electrical discharge, such as a Spark or 
a series of sparks. Lightning is a dis- 
charge of this type. 

2.10. Since the quantity of electric- 
ity on a body charged statically, e.g., 
by friction, is small, the Strength of the 
current flowing between two such bod- 
ies of opposite charge will be small al- 
though the potential difference (or 
voltage) is large. If higher currents are 
required, at a sacrifice of potential, a 
form of voltaic or galvanic cell is em- 
ployed. By combining a large number 
of such cells in series, however, to form 
a battery, it is possible to step up the 
potential, to thousands of volts, while 
maintaining the current strength. A 
similar result may be achieved by using 
a dynamo, which is a machine for con- 
verting mechanical into electrical en- 
ergy (§ 3.2). 

2.11. By convention, the positive 
direction of flow of electric current is 
taken to be from the positively charged 
body to the one carrying the negative 
charge. The terms positive and neg- 
ative as used here correspond exactly 
to their definitions by Franklin. It is 
no longer necessary, however, to use 
the primitive tests of attraction and 
repulsion of charged bodies. When an 
electric current passes through a wire, 
disturbances occur in its neighborhood 
which influence a magnet in a definite 
manner,* depending on the direction 
of flow. Similarly, chemical effects ob- 
served when electricity passes through 


exists in the vicinity of a wire cafryi 


field ing an 
ers, in general, to a region (or space) throughout which a 
etic, electric, Bravitational, etel e being exerted. 
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a solution are characteristic of the cur- 
rent direction ($ 2.23). Thus, magnetic 
or chemical (electrolytic) tests readily 
serve to indicate the direction of cur- 
rent flow. Every source of electric 
current, whether it be a single cell, a 
group of cells, or a dynamo, consists 
of two poles, plates, or electrodes, as 
they are variously termed. A positive 
sign is allocated to one and a negative 
sign to the other, so that the direction 
of current flow is from positive to 
negative. 


ALTERNATING CURRENT 


2.12. A simple voltaic cell or a bat- 
tery of such cells produces an electric 
current which flows in one direction 
only; this is known as direct current 
or DC. Several devices in common use, 
however, such as a dynamo (without 
a commutator), an induction coil, and 


«a vacuum-tube (or similar) oscillator, 


produce allernating current or AC, i.e., 
a current whose direction is continually 
reversed at definite intervals. Each 
pole thus becomes alternately positive 
and negative, and has no specific sign. 
With a dynamo the frequency of the 
alternations depends on the rate of 
rotation of the armature, and is usually 


moderately low, for example, 60 cycles 
per second for ordinary house current 
in the United States. By means of 
properly designed vacuum-tube or 
solid-state (transistor) oscillators, al- 
ternating current of various frequen- 
cies, from relatively low to very high, 
e.g., radio and radar, can be obtained. 

2.13. The advantage of alternating 
current is that its voltage, or potential 
difference, can be greatly increased (or 
decreased) very simply by means of 
the instrument known asa transformer. 
As wil be seen in Chapter 9, such 
high-voltage currents, of relatively 
high frequency, have important uses 
in atomic studies. It is true that in the 
transformer the current strength is 
diminished proportionately as the volt- 
age is increased, but this is usually of 
little significance. By means of a recti- 
fier, alternating current can be con- 
verted into direct current. Various 
types of rectifying devices are avail- 
able, as, for example, mechanical, vac- 
uum-tube, and solid-state rectifiers. In 
order to obtain direct current at high 
potentials, the common procedure is 
to produce alternating current in a 
convenient manner, step up its poten- 
tial by means of a transformer, and 
then rectify. 


PASSAGE OF ELECTRICITY THROUGH GASES 


ELECTRICAL DISCHARGE 
AT Low PRESSURES 


2.14. In 1705, F. Hauksbee, in Eng- 
land, found that there was an emission 
of light when amber was electrified by 
rubbing in a closed vessel, in which the 
pressure of the air had been reduced 
by a pump. At ordinary atmospheric 
pressure the light was not observed. 
A related effect was noted by William 
Watson in 1752; he found that a dis- 
charge of static electricity would pass 


much more readily through a gas at 
low pressure than at atmospheric pres- 
sure. The passage of the discharge was 
accompanied by a luminosity in the 
containing vessel. Although it is pos- 
sible, by means of sufficiently high 
potential, which may be either alter- 
nating or unidirectional, to pass a dis- 
charge in the form of a spark through 
a gas at atmospheric pressure, it is 
apparently much easier to do so if the 
gas pressure is decreased. The voltage 
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adequate to produce the discharge at 
reduced pressures, although still high, 
is considerably lower than the spark- 
ing potential at atmospheric pressure. 
Furthermore, the low-pressure dis- 
charge is less violent than a spark, and 
is associated with various luminous 
phenomena. The familiar neon signs 
and fluorescent lamps provide illus- 
trations of the effect of electrical dis- 
charge in a gas at reduced pressure. 

2.15. The reason why electricity will 
travel more readily through a gas at 
low pressure is, briefly, somewhat as 
follows. The passage of electricity from 
one point to another requires the pres- 
ence of electrically charged particles, 
frequently atoms or molecules, to 
which the general name of ions* is 
given. Under the influence of a poten- 
tial difference the ions move, those 
carrying a positive charge traveling in 
the direction of current flow, accord- 
ing to the convention described earlier, 
while negatively charged ions move in 
the opposite direction. If not ob- 
structed the ions would move with a 
steadily increasing speed, acquiring in- 
creased energy, the maximum attained 
being dependent on the magnitude of 
the potential difference. Air normally 
contains a few ions, and if a potential 
is applied to two metal plates (or elec- 
trodes) in air, the ions are accelerated 
in one direction or the other according 
to their signs. 

2.16. In their motion through the 
gas, at least two things may happen: 
first, the ions may collide with gas 
molecules and be robbed of their en- 
ergy, or second, suitable encounters 
may result in the formation of more 
ions, a phenomenon known as ioniza- 
tion by collision. If the pressure of the 
air is in the region of atmospheric, the 
former effect will predominate, with 


* From the Greek word meaning traveler, because they travel from one point to another 


when a difference of potential is applied, 
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the result that very few ions will be 
available for carrying the electricity. 
As the pressure is diminished, the lat- - 
ter effect becomes more important so 
that the number of ions produced by 
collisions gradually becomes larger 
than, and eventually greatly exceeds, 
the number losing their energy. Hence 
the electric discharge passes with in- 
creasing ease. At sufficiently low pres- 
sures the ionization decreases, because 
of the smaller number of collisions, 
and the discharge does not occur so 
readily. 


Catone Rays 


2.17. By taking advantage of the 
fairly constant potentials that could 
be secured by means of the then re- 
cently invented voltaie battery, M. 
Faraday (1838) made the first sys- | 
tematic studies of electric discharges 
through gases under diminished pres- 
sure. Although he observed a number | 
of interesting phenomena, he was lim- | 
ited by the fact that the suction pumps | 
available at the time for reducing the 
gas pressure were not too efficient. A 
great step forward was made, about 
1854, when H. Geissler, a German 
glass-blower of exceptional skill, not 
only developed an improved vacuum 
suction pump, but succeeded in sealing 
into glass tubes. wires attached to 
metal electrodes. The evacuated Geis- 
sler tubes which he made were partic- 
ularly suitable for the study of the 
passage of electricity through gases at 
low pressure, and with them J. Plücker, 
in Germany, made numerous exper- | 
iments between the years 1858 and 
1862. Among other things, he observed 
that the tube in the vicinity of the 
cathode, i.e., the electrode attached to 
the negative side of the source of 
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potential,* emitted a green glow or 
luminescence. The position of the 
glow could be changed by bringing a 
magnet. up to the tube. 

2.18. The studies of electrical dis- 
charge through gases were continued 
in Germany by Plücker's pupil, W. 
Hittorf (1869), and by E. Goldstein 
(1876). From their observations they 
concluded that the luminescent glow 
on the tube was caused by "rays" 
originating at the cathode, which Gold- 
stein consequently called cathode rays. 
The rays could be deflected by a mag- 
net and were also able to cast a shadow 
of an obstacle placed in their path, 
showing that they traveled in straight 
lines. 

2.19. Between the years 1879 and 
1885 the English scientist William 
„Crookes, who designed improved vac- 
uum discharge tubes, made a very 
comprehensive series of investigations 
of the electrical discharge. From these 
he concluded that the cathode rays 
actually consisted of a stream of neg- 
atively charged particles, which were 
expelled from the cathode—the nega- 
tive eleetrode—with extremely high 
velocities. This view of the nature of 
cathode rays supported a suggestion 
made in 1872 by C. F. Varley, but it 
was opposed by many European physi- 
cists, including such eminent men as 
E. Wiedemann (1880), H. Hertz (1883) 
the discoverer of radio waves, and 
P. Lenard (1894). The latter group 
thought the cathode rays were an elec- 
tromagnetic wave motion or vibration, 


analogous to light waves but of shorter 
wave length.f If the rays are really a 
stream of charged particles then they 
should be deflected by passage through 
an electric field, as well as by a mag- 
netic field, although Goldstein, in spite 
of several trials, had failed to observe 
any such effect. But the deflection of 
cathode rays in the field of a magnet 
was an accepted fact, and this could 
not be explained if the rays were sim- 
ilar to light waves. 


Tur NATURE or CATHODE Rays 


2.20. In an apparently decisive ex- 
periment, performed by J. Perrin in 
France in 1895, the cathode rays were 
allowed to fall on a device known as a 
Faraday cylinder, connected to an elec- 
trometer by means of which the sign 
and magnitude of electric charge could 
be determined. It was found that a 
negative charge collected in the cylin- 
der, and so it was argued that the rays 
were made up of negative particles. 
Objection was taken to this conclusion 
on the grounds that negatively charged 
particles might well be ejected from 
the cathode, but there was no proof 
that they are identical with the cath- 
ode rays. 

2.21. The required proof was pro- 
vided in 1897 by J. J. Thomson (Fig. 
2.1), the famous English physicist, 
whose work has had a profound effect, 
both direct and indirect, on the study 
of atomic structure. In the first place, 
he repeated Perrin’s experiment and 
confirmed that charged particles are 


* The other electrode, i.e., the one joined to the positive side of the Meum source, is 


called the anode. The words anode and cathode, derived from the Greel 
and cala (down), were first used by Faraday (1834), at the s 


prefixes ana (up) 
estion of the Cambridge 


University philosopher W. Whewell. The term ion, mentioned earlier, for the carriers of elec- 


tricity, originated in the same manner. 
i 


e phenomenon has often been described as “fluorescence” or “phosphorescence,” but 


these words have s| 


quently, the general term luminescence will be used. 


factors other than a high temperature. 


cific meanings which do not. apply here (see § 2,98, 
t 


‘ootnotes). Conse- 
refers to any emission of light due to 


tAn explanation of the nature of light and related electromagnetic radiations is given in 


Chapter 3. 
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Fig. 2.1. J. J. Thomson (1856-1940) in the Cavendish Laboratory. 
(The Bettmann Archive, Inc.) 


emitted by the cathode. But, in addi- 
tion, he showed that when the cathode 
rays are deflected by a magnetic field, 
as indicated by the change in position 
of the luminescence they produce, the 
negatively charged particles are corre- 
spondingly deflected. Further, Thom- 
son succeeded, where Goldstein and 
others had failed, in deflecting the path 
of the cathode rays by means of an 
electric field. Previous failures had 
been due to excessive ionization of the 
gas still present in the discharge tube, 
thus offsetting the effect of the electric 
field. By working at very low pres- 
sures Thomson minimized the influ- 
ence of this ionization and then he was 
able to observe the anticipated deflec- 
tion. 

2.22. Now that it had been estab- 
lished that the cathode rays are ac- 
tually a stream of particles carrying 
negative electrical charges, there still 
remained the question of the identity 


of these particles. As a result of his 
numerous experiments, Crookes had 
become convinced that the particles 
did not consist of ordinary matter; 
that is to say, they were neither solid, 
liquid, nor gaseous. At the end of a 
lecture delivered before the Royal So- 
ciety of London in 1879 he said: “The 
phenomena in these exhausted tubes 
reveal to physical science a new world 
—a world where matter may exist in a 
fourth state.” In a confession of ig- 
norance, Crookes referred to this as 
the "ultragaseous" state. Subsequent 
events were to prove that the study of 
electrical discharges in gases at low 
pressures was indeed bringing to light 
a “new world” of science (cf. § 14.107 
footnote). The elucidation of the real 
nature and significance of the nega- 
tively charged, cathode-ray particles 
was the result of a number of converg- 
ing studies; some of the more impor- 
tant of these will now be considered. 
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THE ELECTRON 


Exxcrrorysis: THE FARADAY 


2.23. In the early years of the 19th 
century, following the invention of the 
voltaic cell as a means of producing an 
electric current, it was found that the 
passage of such current through aque- 
ous solutions of acids, alkalies, and 
salts was accompanied by chemical 
changes which were manifested by the 
appearance of specific products at the 
two electrodes. The process of decom- 
position, either of the water or of the 
substance dissolved in it, as the result 
of the passage of an electric current, was 
given the general name of electrolysis. 
For example, the electrolysis of a dilute 
solution of an acid, with platinum or 
other inert electrodes, almost invar- 
iably results in the liberation of hy- 
drogen gas at the electrode (cathode) 
attached to the negative pole of the 
cell (or battery) and of oxygen at the 
electrode (anode) joined to the pos- 
itive pole. Similarly, when an appro- 
priate salt solution, for example, a 
solution of a zinc, copper, iron, or mer- 
eury salt, is electrolyzed, the corre- 
sponding metal can be observed to 
separate at the cathode. 

2.24. Some of the most fundamental 
investigations in the field of electrol- 
ysis were made by M. Faraday (1831- 
1834), and as a result of this work he 
discovered that a given quantity of 
electricity always sets free at the elec- 
trodes chemically equivalent weights 
($1.22) of different substances. In 
other words, it always requires the 
same quantity of electricity to liberate 
one equivalent weight of any -sub- 
stance, irrespective of its nature. Care- 


ful experiments have shown that to set 
free exactly 1 gram equivalent, i.e., 
the equivalent weight in grams, of any 
substance at an electrode it is neces- 
sary to pass 96,500 coulombs* of elec- 
tricity; this quantity is called a fara- 
day. 


Tue Atomic NATURE OF ELECTRICITY: 
Tue ELEMENTARY CHARGE 


2.25. In considering the significance 
of his results, Faraday wrote: ', . . if 
we adopt the atomic theory or phrase- 
ology, then the atoms of bodies which 
are equivalent to each other in their 
ordinary chemical action, have equal 
quantities of electricity naturally asso- 
ciated with them.” In these words he 
implied the existence of a unit or atom 
of electricity, but apparently Faraday 
was not too sure of his ground for he 
was very cautious about committing 
himself to this point of view. Similarly, 
the eminent Scottish scholar J. Clerk 
Maxwell, writing in 1873 in his great 
Treatise on Electricity and Magnetism, 
thought that, in view of Faraday’s 
results, it might be convenient to speak 
of a “molecular charge” of electricity. 
But, he went on to say, "it is extremely 
improbable that when we come to 
understand the true nature of electrol- 
ysis we shall retain . . . the theory of 
molecular charges." This was one of 
the few respects in which time proved 
Maxwell to be wrong. ' 

2.26. It was left to the Irish physi- 
cist, G. Johnstone Stoney who, during 
the years 1873 and 1874, was a mem- 
ber of the British Association Commit- 
tee on the Selection and Nomenclature 


as seen shortly, 
that the faraday is 96500 X 3.00 X 10°, i.e., 2.89 X 10“ esu. 
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of Dynamical and Electrical Units, to 
take the final plunge. At the Belfast 
meeting of the Association in 1874, he 
read a paper On the Physical Units of 
Nature, which was not published until 
1881. In it he stated: “Nature presents 
us in the phenomenon of electrolysis 
with a single definite quantity of elec- 
tricity which is independent of the 
particular bodies acted upon. lor each 
chemical bond which is ruptured within 
an electrolyte, a certain quantity of 
electricity traverses the electrolyte, 
which is the same in all cases, . . . If 
we make this our unit of electricity we 
shall probably have made a very im- 
portant step in our study of molecular. 
phenomena." 

2.27. On the basis of this argument, 
the quantity of electricity, referred to 
above as the faraday, which is asso- 
ciated with 1 gram equivalent of any 
substance, should bear the same rela- 
tionship to the postulated unit of elec- 
tricity as the atomic weight does to 
the weight of a single atom. In other 
words, the value of the unit quantity 
of electricity should be obtained upon 
dividing the faraday by the Avogadro 
number ($ 1.56). In 1868 Stoney, fol- 
lowing Loschmidt, had made an esti- 
mate of the latter number fronr kinetic- 
' theory equations, as already described, 
and in his 1874 paper he used this result 
together with the best available datum 
for the faraday to derive a value of 
3 X 10-" electrostatic unit (esu) for 
the unit of electrical charge. * 

2.28. The concept of an “atomic” 
unit of electricity received powerful 
support from the eminent German 
physicist H. von Helmholtz. In the 
Faraday Lecture of the Chemical So- 
ciety of London, in 1881, he said: 
"Now the most startling result of 
Faraday's Law [that a given quantity 


Chap. 2 


of electricity always sets free chem- - 
ically equivalent-weights] is perhaps 
this: if we accept the hypothesis that 
the elementary substances are com- 
posed of atoms, we cannot avoid con- 
cluding that’ electricity also, positive 
as well as negative, is divided into 
definite elementary portions which be- 
have like atoms of electricity." Sim- 
ilarly, at the British Association meet- 
ing in 1885, Oliver Lodge stated: ‘This 
quantity, the charge of one monad 
atom, constitutes the smallest known — 
particle of electricity, and is a real 
natural unit." 

2.29. By the early 1890s the ideas 
expressed above had become widely 
accepted, and Stoney, in 1891, pro- 
posed the name electron for the cle- 
mentary unit of electric charge. Thus, 
Faraday's experiments on electrolysis, 
by logical development, led to the 
view that in solution every electrically 
charged atom, or perhaps group of 
atoms, ie. every ion, is associated 
with a definite whole number—one, 
two, three, or more—of electronic 
charges. The number of unit charges 
associated with each ion is equal to its 
valence, i.e., the ionic (atomic or mo- 
lecular) weight divided by its equiv- 
alent weight (§ 1.22). 


GASEOUS Ions AND THE 
ELEMENTARY CHARGE 


2.30. Since the foregoing conclusions 
were reached from studies of solutions, 
the estimated magnitude of the unit 
electronic charge, namely, about 10-!° 
esu, could be regarded as applying 
only to the electrical carriers (ions) in 
solution. In the years 1890 to 1892, 
several attempts were made to deter- 
mine the unit charge associated with 
other electrically charged bodies, nota- 
bly by F. Richarz and H. Ebert, in 


* Using modern data, i.e., 2.893 X 10" esu for the faraday and 6.023 X 10? for the Avogadro 
t 


number, the unit is found to be 4.803 X 10-19 esu, as accepted at presen 
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Germany, and by A. Chattock, in 
England. Although some of the meth- 
ods used were based on theoretical 
considerations of doubtful validity, it 
is a remarkable fact that the values of 
the elementary (or unit) charge were 
almost invariably found to be in the 
vicinity of 10-1? esu. Hence Chattock 
(1891) was moved to say: “I cannot 
help thinking that . . . [the results 
obtained by a variety of methods] fur- 
nish strong grounds for supposing that 
electrified atoms in gases are associated 
with the same quantity of electricity 
as in electrolysis.” 

2.31. More definite confirmation of 
this point of view was obtained in Eng- 
land by J. S. Townsend in 1897. If a 
solution of acid or alkali is electrolyzed 
with a large current, the gases—hy- 
drogen and oxygen—which are lib- 
erated are ionized. When these elec- 
trically charged gases are bubbled 
through water they form a dense cloud, 
apparently as a result of the conden- 
sation of moisture on the gaseous ions 
(§ 7.86). The cloud thus consists of 
minute drops of water carrying electric 
charges. From the total weight of the 
water contained in the cloud and the 
average weight of a drop, derived from 
the measured radius and the known 
density, it is possible to calculate the 
number of individual drops in the 
cloud. Townsend measured the total 
charge on the cloud by means of an 


electrometer, and knowing the number ! 


of drops present, it was a simple matter 
to determine the average charge asso- 
ciated with each drop. If the assump- 
tion is made that a gaseous ion upon 
which the moisture condenses carries 
a single elementary electric charge, this 
result is the magnitude of the unit 
(electronic) charge. The value found in 
this manner was 3 X 107", later cor- 
rected to 5 X 10>", esu, in satisfactory 
pgreement with the unit charge borne 


by ions in solution. Similar results were 
obtained in the year 1898 by J. J. 
Thomson in his studies of the electric 
charge carried by gaseous ions pro- 
duced by X-rays in their passage 
through air and hydrogen ($ 2.89). 


DETERMINATION OF THE 
ELECTRONIC CHARGE 


2.32. By the turn of the century 
there was no longer any doubt about 
the existence of a definite unit of elec- 
tric charge, namely, the electronic 
charge. Scientific interest then became 
centered upon methods for the deter- 
mination of a really accurate value of 
this charge. In 1903,.J. J. Thomson 
had used the rays emitted by radium 
(82.111) to ionize the air, and had then ` 
measured the average charge per ion, 
but this work did no more than supply 
further confirmation of views already 
established. However, in the same year, 
a technical advance was made in 
Thomson's laboratory in England by 
H. A. Wilson, and this proved to be 
the basis for some of the most impor- 
tant subsequent investigations. He 
showed that it was possible to avoid 
the inaccurate and difficult determina- 
tion of the total charge on the cloud 
of water droplets condensed upon ions, 
as used by previous workers, by study- 
ing the rate of fall of the cloud under , 
gravity and also under the influence of 
an electric field. 

2.33. Further improvements were 
made in 1909 by F. Ehrenhaft in 
Austria, ana t3 R. A. Millikan in the 
United States; instead of making ob- 
servations on a cloud as a whole. and 
so obtaining a gross average, Ehren- 
haft studied individual suspended par- 
ticles of' gold, silver, platinum, and 
phosphorus, whereas Millikan worked 
with single water droplets. Later (1911) 
Millikan used oil, instead of water, to 
form the droplets, and thus eliminated 


, 
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‘errors due to evaporation, and con- 
sequent change in weight of the drops, 
during the course of an experiment. 
2.34. In outline, Millikan’s appara- 
tus consisted of two horizontal metal 
plates about 22 cm diameter and 1.6 
em apart, as indicated by A and B in 
Fig. 2.2. The plates were supported in 


LIGHT» W 


Fig, 2.2. Schematic representation of ap- 
paratus used by R. A. Millikan to deter- 
mine the electronic charge. 


a closed vessel containing air at low 
pressure, and were connected to the 
poles of a high-voltage (10,000 volts) 
battery, V. In the upper plate there 
were a number of small holes, as repre- 
sented by C. By means of an atomizer 
a fine spray of a nonvolatile oil was 
introduced into the vessel; as a result 
of friction in the atomizer, the droplets 
of oil so obtained were electrically 
charged. From time to time, one of 
these droplets would pass through the 
- hole C, and then it could be observed 
by means of a telescope (not shown in 
figure). By using the illumination of a 
powerful beam of light, entering the 
window W (at left), the droplet ap- 
bear asa bright star on a dark back- 
und, 


‘2.35. With the battery V discon- 
nected, the droplet fell slowly under 
the influence of gravity, and the rate 
of fall was measured. This rate (or 
velocity), represented by 2, is depend- 
ent on the mass m of the droplet, and 
is given by the equation : 


vi = kmg, (2.1) 
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where g is the gravitational accelera- 
tion (981 em per sec per sec), and k is 
a proportionality constant which is re- 
lated to the viscosity of the air and 
the size of the oil droplet. The high- 
voltage battery was then switched on, 
thus producing an electric field, the 
direction being such as to make the 
charged droplet move upward, against 
the force of gravity. If E is the strength 
of the electric field, i.e., the voltage of 
the battery divided by the distance be- 
tween the plates, then the upward 
force acting on the droplet is He,, 
where e, is the charge carried by the 
droplet. Since this is opposed by the 
gravitational force mg, the net upward 
force is Ee, — mg; the upward veloc- 
ity v» of the oil droplet, which is meas- 
ured, is then represented by 


ve = k(Ee, — mg), (2.2) 


the proportionality constant k having 
the same significance as in equation 
(2.1). If one of these two equations is 
divided by the other, the constant k 
cancels out, and the result is 


BES anaig ERN (2.3) 
or 


en = i (vy + v). (2.4) 

2.36. Since the quantities vı, vs, E, 
and g are available, it would be pos- 
sible to calculate the charge e, carried 
by the oil drop, if the mass m were 
known. In order to determine the lat- 
ter, Millikan, like several of his pred- 
ecessors, employed an equation, de- 
rived by the Irish mathematician G. G. 
Stokes, applicable to small spherical 
drops falling under the influence of 
gravity. According to Stokes, the ve- 
locity v, with which the droplet falls 
in air under the influence of gravity 
alone, is related to the coefficient of 
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viscosity, i.e, resistance to flow, 7 

(Greek, eta), of the air and the radius r 
of the drop by 

2grtd 

n = 3 2.5 

6258 (2.5) 

where d is the density of the oil of 

which the drops are made. Since v; has 

been determined, as described above, 

and g, n and d may be regarded as 

known, the radius r of the drop can be 
obtained from equation (2.5). 

2.37. 1f the oil drop is spherical, as 

is assumed, the mass m is related to 

the radius r by 


m = Arr'd/3, (2.6) 


the quantity r having its usual signifi- 
cance. The value of r has just been 
derived, and the density d of the oil is 
known; hence the mass m of the drop 
can be calculated. Upon inserting this 
result into equation (2.4), together 
with the measured velocities vı and v2, 
the magnitude of the charge e, carried 
by the oil droplet can now be deter- 
mined, 

2.38. By exposing the air in the ves- 
sel in Fig. 2.2 to the action of X-rays, 
Millikan caused gaseous ions to form, 
and occasionally one of these ions 
would attach itself to an oil drop with 
a consequent change in the value of én, 
the charge of the droplet. The new up- 
ward velocity v2 of the oil drop in the 
electric field was measured, and e, re- 
calculated, vı and m remaining un- 
changed. Sometimes the droplet ac- 
quired a positive charge and sometimes 
a negative charge, but the experimen- 
tal method was the same, except that 
the high-voltage battery connection 
had to be reversed. 

2.39. As a result of a large number 
of measurements, Millikan found that 
the eharge e, was always an integral, 
i.e., a whole number, multiple of a def- 
inite elementary charge, which was 
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presumably theelectronic charge. After 
applying numerous corrections to the 
foregoing equations, Millikan con- 
cluded, in 1917, that the most reliable 
value of the unit charge was 4.774 X 
10-1 esu. For several years, this value 
was widely accepted, but in 1928 the 
work of E. Backlin, in Sweden, and of 
J. A. Bearden, in the United States, 
began to throw some doubt upon its 
precise accuracy. 

2.40. By the middie of the second 
decade of the present century, the 
faraday (82.24) had been measured 
with great care both in the United 
States and in England, and hence its 
value was known with some certainty. 
An accurate determination of the Avo- 
gadro number would then have per- 
mitted the evaluation of the electronic 
charge, utilizing the principle first em- 
ployed by Stoney (8 2.27). If the wave 
lengths of X-rays were available, then 
the Avogadro number, and conse- 
quently the electronie charge, could be 
obtained from diffraetion studies of 
crystals (§ 2.93). In 1926, A. H. Comp- 
ton and R. L. Doan, in the United 
States, showed how X-ray wave lengths 
could be measured by means of a ruled 
line grating (§ 3.10), and it was as a 
result of experiments of this kind that 
Bácklin and Bearden found the elec- 
tronic charge to be slightly higher than 
Millikan’s value, namely, 4.80 X 107! 
esu. Other investigators, using a gen- 
erally similar procedure, subsequently 
confirmed this result. 

2.41. Although the difference be- 
tween 4.77 X 107° and 4.80 X 10-7? 
may not appear large, it is much 
greater than the known experimental 
errors in the respective methods. Many 
scientists were concerned with this dis- 
erepancy, and in 1932 E. Shiba, of 
Japan, suggested that the value for the 


* 


viscosity of the air used by Millikan, — 


in equation (2.5), might have been in 
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error. Actually, Millikan had adopted 
what he thought was the most reliable 
published datum, but, as events turned 
out, this proved to be incorrect. Upon 
recalculating the results of his exper- 
iments, making use of more recent vis- 
cosity determinations, Millikan found 
the elementary electronic charge to be 
in good agreement with that given by 
the X-ray method. At the present time, 
from various studies, using both oil 
drop and X-ray diffraction procedures, 
the unit electronic charge is confidently 
known to be very close to 4.803 10-19 
esu.* This value applies to both pos- 
itive and negative unit charges, 


SPECIFIC CHARGE or CATHODE- 
Ray PARTICLES 


2.42. It is opportune, at this point, 
to revert to a consideration of the 
cathode rays which, in 1897, J. J. 
Thomson showed to consist of a stream 
of negatively charged particles orig- 
inating from, or in the vicinity of, the 
negative electrode, i.e., the cathode, of 
an evacuated discharge tube (§ 2.21). 
Even before this time, while the con- 
troversy as to the nature of the cathode 
Tays was still in progress, experiments 
and calculations had been made on the 
properties of the rays, in the event that 
they should prove to consist of charged 
particles. If a stream of such particles 
moves initially in a straight line, and a 
magnetic field is applied in a direction 
at right angles to the direction of mo- 
tion, the particles will be forced by the 
field to follow a circular path (Fig. 2.3). 
If e is the magnitude of the charge 
carried by each particle and v is the 
velocity with which it moves, the mag- 
netic force acting on a particle is Bev, 
where B is the magnetic field strength. 


*In the VAS 1914 to 1916 a controversy 


and R. A. 


former contended that he had proved the 


illikan, on the other hand, as to the elementary nature of the electron. 
a 


K? ib elec: » D chi large 
smaller than the accepted value. The latter Sue toe «un Mis UNES) seems 
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little doubt that his stand was justified (see, however, 
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This force is exactly balanced by the 
centrifugal effect mv?/r of the particle 
of mass m moving, under the influence 
of the field, in a circular path of radius 
r. Hence, equating the two expressions, 


: Be» = — (2.7) 
so that 
ura it (2.8) 
m Br j 


The strength B of the magnetic field 
may be regarded as known, and so if 
the velocity of the charged particles 
and the radius of curvature of the cir- 
cular path they follow could be meas- 
ured, the value of e/m, i.e., the ratio of 
their charge to mass, sometimes called 
the specific charge, could be determined 
by means of equation (2.8). f 
2.43. The foregoing considerations 
apply to any charged particles irrespec- 
tive of charge and mass, and they were 
applied by A. Schuster in England, in 
1890, to cathode rays. He measured 
the radius of the circular path in a 
magnetic field without difficulty, but 
his estimate of the velocity of the par- 
ticles was highly approximate. As a 
result his value of e/m was incorrect, 
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and he drew the erroneous conclusion 
that the cathode-ray particles were 
negatively charged, gaseous atoms, i.e., 
negative ions, probably nitrogen. In 
the early part of 1897, both E. Wiechert 
and W. Kaufmann, in Germany, re- 
ported results of measurements on the 
path of cathode rays in a magnétic 
field. Their determinations of the ve- 
locity of the particles—about one tenth 
of the speed of light, i.e., 3 X 10° em 
per sec—proved to be fairly accurate 
and their values of e/m, expressing the 
charge ein esu and the mass m in grams, 
were approximately 10! esu per gram.* 
Kaufmann found the value of e/m for 
the cathode-ray particles was the same 
regardless of the nature of the gas 
present in the discharge tube, or of the 
conditions of the discharge. By com- 
paring his results with the e/m calcu- 
lated for a hydrogen ion in solution, 
approximately 3 X 10" esu per gram,} 
Wiechert concluded that the particles 
had a mass of something between a 
one-thousandth and a four-thousandth 
part of the mass of a hydrogen atom 
(or ion). It was left to J. J. Thomson, 
however, to appreciate the importance 
of similar results, which he obtained 
independently, and to interpret their 
significance, 


THOMSON’S EXPERIMENTS 


2.44. Because of the part they played 
in the study of atomic structure, 
Thomson’s experiments, although not 
of the greatest accuracy, have become 
classical. In order to determine the 
velocity of the cathode-ray particles, 
required in connection with equation 


(2.8), he made use of an idea which, 
curiously enough, had been indicated 
in 1883 by H. Hertz, one of the oppo- 
nents of the view that the cathode rays 
consist of charged particles. A moving 
charged particle can be deflected from 
its initial path by the application of . 
either an electric or a magnetic field. 
As seen in § 2.35, the force acting on a 
particle of charge e in an electric field 
of strength E is Ee, whereas in a mag- 
netic field of strength B, the force, as 
stated above, is Bev, where v is the 
speed of the particle. If the electric 
and magnetic fields are arranged so 
that their effects on a moving charged 
particle exactly compensate each other, 
and the particle is not deflected from 
its path, it follows that 


Bev = Ee, (2.9) 


and hence 
(2.10) 


PO 
It should thus be possible to determine 
the speed of motion v of electrically 
charged particles from the strengths of 
the compensating electric and mag- 
netic fields. Introduction of this result 
into equation (2.8) will permit e/m to 
be obtained from the radius of curva- 
ture of the path in the magnetic field 
alone. 

2.45. The experimental procedure 
used by Thomson may be explained 
by means of Fig. 2.4. The rays were 
emitted from the cathode C, in an 
evacuated tube, passed through a hole 
in the anode A, and a narrow beam 
was picked out by the slit S. By con- 


(emu), rat in electrostatic units. The 


* If cgs units are used in equation (2.8), i.e., m in grams, v in cm r sec, r in cm, and B in 
leironaqneti units her than du 


pus then e is obtained in € 
in 


tter are used here to avoid possible confusion 


ting from the employment of different 


systems. The emu are converted into esu upon multiplying by 3 X 10", the velocity of light 


in fn bet sec (§ 3.14). 


. This result is obtained by dividing the unit 
" (v se i.e., 4.8 X 107 esu, by the mass of 


electronic) charge carried by a hy ion y 
£ hydrogen atom (or ion), 16 x [obe 
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Fig, 2.4, J. J. Thomson’s method for studying charged particles by deflection in electric 
and magnetic fields. 


necting the plates PP, within the tube, 
to a source of high voltage, the cathode 
rays were subjected to the action of an 
electric field, and a magnetic field was 
applied by means of a magnet M out- 
side the tube. The deflection of the 
beam was studied by observing the 
luminous spot produced by the rays 
when striking the wall of the tube at 
the extreme right, a scale F permitting 
actual measurement. After noting the 
position of the undeflected beam, i.e., 

‘with neither electric nor magnetic 
fields operating, the magnetic field B 
only was applied, and from the deflec- 
tion the radius of curvature r of the 
circular path could be calculated. 
Then the electric field was put on and 
its magnitude E was adjusted so as to 
bring the luminous spot back to its 
original position. Thus the informa- 
tion required to determine v by equa- 
tion (2.10), and hence e/m by equation 
(2.8), was available. 

2.46. In agreement with previous 
workers, Thomson found that the 
cathode-ray particles moved with the 
enormous speed of 3 X 10? em per sec,* 
and that e/m was about 2 X 10" esu 
per gram. Further, he noted that the 
resulis were the same for different 
cathode materials, namely, aluminum, 
iron, and platinum, and also for differ- 
ent gases, air, hydrogen, and carbon 
dioxide, present in the discharge tube. 
Hence, Thomson concluded that the 
“carriers of the electric charge in the 


cathode rays are the same whatever 
the gas through which the discharge 
passes.” He went on to say: “The 
explanation which seems to me to ac- 
count in the most simple and straight- 
forward manner for the facts is founded 
on the view of the constitution of the 
chemical elements which has been fa- 
vorably entertained by many chemists: 
this view is that the atoms of the dif- 
ferent chemical elements are different 
aggregations of .. . [ultimate par- 
ticles] of the same kind. . . . If, in the 
very intense field in the neighbourhood 
of the cathode, the molecules of the gas 
are... split up, not into ordinary 
chemical atoms, but into these pri- 
mordial atoms which we shall for brev- 
ity call corpuscles; and if these cor- 
puscles are charged with electricity and 
projected from the cathode by the elec- 
tric field, they would behave exactly 
like the cathode rays. This would ev- 
idently give a value of m/e [or e/m] 
which is independent of the nature of 
the gas . . . for the carriers are the 
same whatever the gas may be. . . . 
Thus we have in the cathode rays 
matter in a new state, a state in which 
the subdivision of matter is carried 
very much further than in the ordinary 
gaseous state; a state in which all 
matter—that is, matter derived from 
different sources such as hydrogen, 
oxygen and carbon—is one and the 
same kind; this matter being the sub- 
stance from which all the chemical 


* This is one tenth of the velocity of light (see § 2.57 footnote). 
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elements are built up.” Thus, the nega- 
tively charged, cathode-ray corpuscles 
were believed by Thomson to be the 
ultimate particles of which all matter 
was constituted. 

2.47. As seen above, the e/m value 
found for the corpuscles was roughly 
a thousand times greater than for the 
hydrogen ion in solution; for this differ- 
ence there were two possible explana- 
tions. Either the charges e were approx- 
imately the same, so that the eathode- 
ray particles would be something like 
a thousand times lighter than a hy- 
drogen atom, or the masses m might 
be of the same order, in which case the 
corpuscles would carry a much larger 
charge than the elementary electronic 
charge. As indicated earlier (§ 2.43), 
Wiechert apparently favored the for- 
mer view. Thomson, on the other hand, 
was at first inclined to the latter alter- 
native, but further experimental work 
caused him to change his mind. 


THE ELECTRON AS A PARTICLE 


2.48. In 1899, Thomson set out to 
resolve the doubt concerning the sig- 
nificance of the e/m values of the cor- 
puscles by determining directly their 
charge, as well as the charge-to-mass 
ratio. Unfortunately, this could not be 
done with the cathode-ray particles, 
and so he turned to another source. It 
was well known toward the end of the 
19th century that ultraviolet light fall- 
ing on certain metals, particularly zinc, 
was associated with the emission of 
negatively charged particles, a phe- 
nomenon known as the photoelectric 
effect. Thomson determined the e/m 
ratio for these particles, by means of 
electric and magnetic fields, and found 
it to be virtually the same as for the 
cathode-ray corpuscles. Charged par- 
ticles emitted by an incandescent fila- 
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ment, i.e., by the thermionic effect, also 
had a similar e/m value. By utilizing 
the cloud method, described in $ 2.31, 
Thomson measured the charge on the 
photoelectric particles; this turned out 
to be not essentially different from the 
unit electronic charge. In view of the 
constancy of e/m for the negatively 
charged particles produced in different. 
ways, it was reasonable to conclude 
that the particles were identical. 

2.49. In the words of Thomson: 
“The experiments just described; taken 
in conjunction with previous ones . . . 
on cathode rays, show that in gases at 
low pressures negative electrification, 
though it may be produced by very dif- 
ferent means," is made up of units each 
having a charge of electricity of a def- 
inite size; the magnitude of this nega- 
tive charge is . . . equal to the positive 
charge carried by the hydrogen atom 
[ion] in the electrolysis of solutions." 

2.50. Since their charge is equal to 
that carried by a hydrogen ion, it is - 
clear that the mass of the negative 
particles, no matter how they originate, 
must be about a thousandth part of 
that of a hydrogen atom. As Thomson 
pointed out, thesé are the lightest par- 
ticles hitherto recognized as capable of 
a separate existence. The fact that the 
same particles are produced in different 
ways—by electric discharge and by 
photoelectric and thermionic effects— 
lends support to the view that they are 
ultimate constituents of all matter. 

2.51. Because the charge on the par- 
ticles present in the cathode rays, and 
associated with the thermionic and 
photoelectric effects; was identical with 
the elementary electronic charge, the 
name electron, originally intended by 
Stoney (§ 2.29) for the magnitude of 
the charge, soon became associated 
with the actual particles themselves. 


* The present writer has italicized this phrase because of its importance. 
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Possibly in the interest of strict ac- 
euracy, Thomson adhered to the term 
corpuscle for about 20 years, but ul- 
timately he gave it up in favor of elec- 
tron. At the present time, the electri- 
cally charged particles, carrying a 
negative charge of 4.803 X 107" esu, 
and having a mass slightly more than 
a two-thousandth part of that of a hy- 
drogen atom, are called electrons. They 
are, without doubt, fundamental con- 
stituents of all material atoms. 

2.52. As matter is normally elec- 
trically neutral, that is to say, it is not 
electrically charged, it follows. that 
there must be something in the atom 
which carries a positive charge to bal- 
ance the negative charge of the elec- 
trons. This subject will be considered 
more fully in Chapter 4. In the mean- 
time, it may be stated that the posi- 
tive charge is an integral part of the 
atom, but the electrons can be made 
to pass from one atom to another. A 
negatively charged body is thus one 
which contains more electrons than in 
the normal (or neutral) state; a pos- 
itively charged body is one with fewer 
electrons than in the neutral state. 
"Thus, when glass is rubbed with silk, 
electrons pass from the glass to the silk 
80 that the former acquires a. positive 
electric charge and the latter a negative 
charge. A positive ion is an atom or 
group of atoms which has been deprived 
of one or more of its electrons, whereas 
a negative ion is an atom or group 
which has acquired additional elec- 
trons. 

2.53. A flow of electric current is 
invariably accompanied by a flow of 
electrons from one pole to another. 
Since the electron carries a negative 
charge the direction of flow is opposite 
that of the conventional flow of the 
positive electric current. This appar- 
ently anomalous situation is the re- 
sult of Franklin’s somewhat arbitrary 
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choice of electrified glass as positive 
rather than negative (§ 2.4). If he had 
made the opposite choice, the con- 
ventional charge of the electron would 
have been described as positive, in- 
stead of negative. The direction of 
flow of the positive current would then 
have been the same as that of the 
electrons. 


SPECIFIC CHARGE OF THE 
ELECTRON 


2.54. During the present century 
numerous determinations have been 
made of the specific charge, i.e., of the 
charge-to-mass ratio, of electrons. Some 
of these depend on a study of their be- 
havior in various types of electric and 
magnetic fields, whereas others are 
based on spectroscopic measurements. 
It will be shown later (§ 4.42) that the 
characteristic light emitted or absorbed 
by an atom, known as its optical spec- 
trum, is determined by the electrons. 
Consequently, relationships have been 
developed among the properties of the 
electron and the frequencies (and 
wave lengths) of spectral lines. 

2.55. Furthermore, as the Dutch 
physicist P. Zeeman showed in 1896, 
certain of these spectral lines are split 
up into component lines when the sub- 
stance emitting the spectrum is placed 
in a very intense magnetic field. The 
frequency difference between the com- 
ponents is related to the field strength 
and also to the specific charge e/m of 
the electron. From his earliest meas- 
urements of the splitting of spectral 
lines in a magnetic field, Zeeman cal- 
culated the specific charge of the elec- 
tron. to be about 3 X 10" esu per 
gram, in striking agreement with the 
value obtained in the same year by 
"Thomson, and others, from cathode- 
ray studies. The frequencies of spectral 
lines can now be measured with great 
precision, so that e/m can be obtained 


— 


. regarded as relatively 
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with a high order of accuracy. The 
general conclusion from experiments of 
various kinds is that the best value for 
the specific charge of an electron is 
5.273 X 10" esu per gram. 


Mass AND SIZE or THE ELECTRON 


2,56. Since both the actual charge e 
and the specific charge e/m of the elec- 
tron are now known, it is obviously a 
simple matter to calculate the mass m 
of a single electron. All that is neces- 
sary is to divide e, which is 4.803 X 
10-!? esu, by e/m, i.e., 5.273 X 10” 
esu per gram, and the result is 9.109 X 
107?! gram for the mass of an electron. 
Upon comparing this with the mass of 
a hydrogen atom, i.e., 1.673 X 10-* 
gram, it is seen that it would require 
1837 electrons to have the same mass 
as an atom of hydrogen. On the con- 
ventional atomic weight (or mass) 
scale, the weight of an electron is 
0.000549, as is found either upon mul- 
tiplying the actual electron mass by 
the Avogadro number or by dividing 
the atomic weight of hydrogen (1.008) 
by 1837. The electron is thus consid- 
erably lighter than the atom of even 
the lightest element. 

2.57. Attention should be called 
here to the fact, which will be under- 
stood later (see Chapter 3), that the 
apparent mass of an electron depends 
on the speed with which it is moving. 
The mass value recorded here is appli- 
cable when the electron is either at rest 


‘or moving at a relatively low speed, 


say, less than about one tenth of the 
velocity of light.* It is consequently 
referred to as the rest mass of the 
electron. 

2.58. After the discovery of the elec- 
tron and the realization of its ex- 
tremely small mass, the possibility was 


considered that this might be due en- 
tirely to its electric charge. In the 
scientific gense, a body is said to have 
mass or inertia when energy (work) 
must be supplied to set it in motion, 
In other words, if energy is required to 
start a body moving, it must, by the 
definition, possess mass, in its most 
general sense. A moving electric charge, 
no matter what its nature, produces a 
magnetic field in its vicinity, and since 
establishment of such a field requires 
energy, it follows that energy is needed 
to set the charge in motion. Conse- 
quently, the charge must be associated 
with mass or, at least, with something 
that behaves like, and therefore can- 
not be distinguished from, mass. Such 
mass is said to be electromagnetic. 
Since the electron carries an electric 
charge, and does, in fact, produce a 
magnetic field when in motion, it must 
have, at least, electromagnetic mass. 
If the assumption is now made that 
the mass of the electron derived above 
is entirely electromagnetic, it is pos- 
sible to calculate the radius of an 
electron. 

2.59. Several years before he had 
become interested in cathode rays, 
J. J. Thomson in 1881 had derived an 
equation, from theoretical principles, 
relating the electromagnetic (rest) mass 
of a spherical, charged particle to its 
radius. A later form of this equation is 

e 

ro rary (2.11) 
where r is the radius in cm, e is the 
charge in esu, m is the rest mass in 
grams, and c is the velocity of light in 
em per sec. For the electron, e is 
4.80 X 10-!? esu and m is 9.11 X 10-** 
gram, whereas c is 3.00 X 10!^ cm per 
sec; hence, the value of r from equa- 


* Since the velocity of light is close to 3 X 10" cm per sec, one tenth of the velocity of ligir 


is about 3 X 1 18,600 miles) per sec. This is 
euep Gs O am (o ACIE tio speed o light 


actually a very high speed, but it may 
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tion (2.11) is found to be 2.82 X 107” 
em. This is commonly referred to as 
the “classical” radius of the electron. 
It may be taken as an indication of 
the size of an electron if its rest mass 
is entirely electromagnetic in origin, 
that is to say, if the mass is due solely 
to the charge it carries.* In so far as 
an electron can be regarded as having 
a definite radius (see § 3.45), it may 
be assumed to be 2.8 X 107! em. 


THE PROTON, ANTIPR 


Positive Rays AND THE PROTON 


2.61. After the discovery of the neg- 
atively charged electron, it was natural 
that search should be made for a corre- 
sponding particle carrying a positive 
charge. In 1886, E. Goldstein, in Ger- 
many, had used a perforated metal disk 
as a cathode in a discharge tube, and 
observed luminous rays emerging in 
straight lines from the holes on the side 
away from the anode (Fig. 2.5). These 


ANODE POSITIVE RAYS 
+, 
PERFORATED CATHODE | — 


Fie. 2.5. Positive rays emerging from 
holes in cathode on the side away from 
the anode. 


rays were originally called canal rays, 
since they passed through holes, or 
channels, in the cathode.t By collect- 
ing the rays in a Faraday cylinder, 
J. Perrin (1895) showed that they were 
associated with a positive charge, and 
this was confirmed by W. Wien in 1898 
by studying their deflection in electric 


* Although J. J. Thomson was 
electron, and also for the derivation 


it became accepted because of ita advocacy b; 
t Goldstein called the rays Kanalstrahien, 
“channel rays" rather than “‘canal rays.” 
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2.60. As indicated in § 1.65, the 
radii of most atoms are in the vicinity 
of 2 X 10-* cm} and consequently the 
radius of the electron is about 10-5, i.e., 
one hundred-thousandth, of the radius 
of an average atom. In the bowl of 
water magnified to the size of the 
earth, referred to in § 1.55, an electron 
would be so small that it would be 
barely visible in a good optical micro- 
scope! 


OTON, AND POSITRON 


and magnetic fields. Consequently, 
J. J. 'Thomson later (1907) proposed 
the more appropriate name positive 
rays, and this was adopted. 

2.62. In the course of his work, Wien 
had determined the charge-to-mass 
ratio (e/m) of the particles present in 
the positive rays, and found that the 
values were very much smaller than 
that for electrons, and often less than 
for the hydrogen ion in solution. As- 
suming, as is very probable, that the 
charge carried by the positive particles 
is a small integral number of elemen- 
tary charges, the only conclusion to be 
drawn is that the particles in the posi- 
tive rays are much heavier than elec- 
trons; they are actually ions, i.e., atoms 
or molecules which have become elec- 
trically charged. With a discharge tube 
containing air, Wien found the masses 
of the particles indicated that they 
consisted of oxygen or nitrogen mole- 
cules. Subsequent work proved that, in 
general the masses of the positively 
charged ions were determined by the 
gas present in the discharge tube. 

2.63. Apart from the sign of the 


zepansble 5 s Miri proof of the EG s ine 
an equation for electromagnetic mass, Raylei 

in The Life of Sir J. J. Thomson, Cambridge University Press, 1942, says that he yi 
first favor the idea that the mass of the elect 


did not at 


ron was entirely electromagnetic in origin, but 
y Oliver Lod, 
which should perhaps have been translated as 


and others. 
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electric charge, the positive rays thus 
differ in two respects, at least, from 
cathode rays. In the first place, the 
particles in the positive rays consist of 
charged atoms or molecules, whereas 
in the cathode rays they are very much 
smaller and lighter even than hydro- 
gen; and, in the second place, the cath- 
ode-ray particles are independent of 
the nature of the gas in the discharge 
tube or of the cathode material, but in 
the case of the positive rays the par- 
ticles are usually charged atoms or mol- 
ecules related to the gas in the tube. 

2.64. In spite of a very thorough 
search, no positively charged particle 
similar to the electron was found in the 
discharge tube. The lightest particle so 
observed, which the New Zealand-born 
physicist Ernest Rutherford, in 1914, 
described as the “long sought pos- 
itive electron,” had the same mass 
as the hydrogen atom and carried one 
unit (positive) charge, equal in mag- 
nitude, but of opposite sign, to the 
charge carried by an electron. In other 
words, it is a singly charged, positive 
hydrogen ion, H+. This presumably 
consists of a hydrogen atom from 
which one electron has been removed, 
apparently as a result of a collision in 
the discharge tube, leaving it with an 
equivalent positive charge. By 1920, 
a number of circumstances, to which 


reference will be made in Chapter 6, 
had arisen indicating that the pos- 
itively charged hydrogen atom just de- 
scribed represented an important unit 
in the structure of other atoms. The 
name proton was consequently assigned 
to it.* Since the weight of the hydro- 
gen atom is 1837 times that of the 
electron, it follows that the weight of 
a proton, which is a hydrogen atom 
minus one electron, is 1836 times as 
great as that of an electron. On the 
conventional atomic weight scale its 
mass is 1.007277. 


Discovery or THE POSITIVE 
ELECTRON (or POSITRON) 


2.65. In spite of the absence of ex- 
perimental evidence for the existence 
of a positive electron, i.e., a partiele 
similar in mass to the électron but 
carrying a positive charge, the English 
mathematical physicist P. A. M. Dirac 
had, in 1928, presented some theoret- 
ical arguments indicating that such a 
particle was possible. Dirac’s dis- 
cussion, paredi on relativistic wave 
mechanics (§ 3.69), was of a highly ab- 
struse character, but it may be sum- 
marized, somewhat superficially, as 
follows. Ordinary negatively charged 
electrons must be able to exist in two 
different types of energy states, called 
positive and negative. These terms 


* From the Greek protos (first). Various reports concerning the origin of the term proton 
are to be found in the scientific literature. The following is a quotation from a footnote by 


E. Rutherford to a paper by 


for this unit [Le. the positively charged hydrogen atom] was discussed 


O. Masson, written in 1920; “The question of a suitable name 


at an informal 


meeting of a number of members of Section A [Physies] of the British Association at Cardiff 


this year. . 


.. The name ‘proton’ met with general 


approval, particularly as it suggests 


the .. . term ‘protyle’ given by Prout in his well-known hypothesis [8 1.38) that all atoms 
or 


are built up of hydrogen. . . . The need of a special name 


the . . . unit of mass 1 was 


drawn attention to at the Sectional Meeting, and the writer [Rutherford] then suggested 

the name ‘proton.’” Xt should be noted that Rutherford does not claim to have the 

original suggestion, but only to have put it forward at the formal meeting of Section A. Lodge 

referring to the matter says: “At the Cardiff Meeting of the British Association, Sir Ernest 

Rutherford De or tentatively approved the suggestion, that the name *proton' should 
this hy: 


be applied to. 


cerning the identity of the individual who su; 
Actually, the term proton is to be found in tl 
ing used in a general sense 
elements are built up. 


possibly earlier, 
protyle, from which 


‘drogen .. . unit: of positive charge." There is thus ,some doubt con- 
A quested the name in this particular connection. 
St 


cientific literature as far back as 1908, and 


to refer to the fundamental unit, analogous to 
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have no relationship to the electric 
charge, but refer to energy values rel- 
ative to a certain zero state. If one of 
the possible negative energy states is 
not occupied by an electron, there is a 
vacancy—sometimes referred to as a 
Dirac “hole,” although it is not a hole 
in the ordinary three-dimensional sense 
—which should behave like a positively 
charged electron with positive energy. 

2.66. At first Dirac thought that 
this represented a proton, since no 
positive electron had been observed, 
but it was soon seen that such could 
not be the case. In the first place, the 
mass of the proton is much greater 
than that of the electron, whereas the 
theory required the positive particle 
to have the same mass as the negative 

ron. In the second place, since 

C's hyppthetical positive electron 
is really a vacant “hole,” it can readily 
be filled by an ordinary negative elec- 
tron. In other words, the positive elec- 
tron should normally have a very short 
life, because a negative electron, of 
which there are many always avail- 
able, should quickly mbine with it. 
The two charges will then neutralize 
and annihilate each other, leaving 
nothing but energy (§ 3.84). Actually, 
the proton is quite stable in the pres- 
ence of electrons, and so it cannot sat- 
isfy the requirements of the particle 
which would be the equivalent of the 
Dirac “hole.” 

2.67. Proof of the existence of the 
long-sought positive electron was fi- 
nally obtained by C. D. Anderson, at 
the California Institute of Technology, 
in 1932. In order to study the so-called 
cosmic rays (see Chapter 19), which 
appear to come from outer space, 
Anderson, in conjunction with R. A. 
Millikan (§ 2.33), had constructed an 
apparatus, known as a cloud chamber 
(§ 7.86), which was placed in a very 
strong magnetic field. In the cloud 
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chamber the path of an electrically 
charged particle can be rendered vis- 
ible and actually photographed. The 
intensity of the track provides infor- 
mation concerning the mass of the 
particle, and the direction in which it 
is bent in the magnetic field indicates 
whether the charge is positive or neg- 
ative. 

2.68. When the cloud chamber was 
operated, numerous tracks were ob- 
served due to charged particles result- 
ing from the impact on matter of the 
very highly energetic cosmic rays. A 
lead plate of 6 mm thickness was 
placed across the chamber with the 
object of depriving the particles of 
some of their energy, and, as Anderson 
stated in his Sigma Xi Lectures in 
1939, “the degree of the curvature in 
the magnetic field shows a difference, 
depending on the amount of energy 
lost in the plate. Measurements made 


Fig. 2.6. Cosmic-ray photograph which 

led to the indentification of the positron. 

(C. D. Anderson, Phys. Rev., 43, 492 
(1933)) 


on the track of a particle before and 
after it has passed through a plate, 
together with observations of the den- 
sity of the track itself, give definite in- 
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formation about the mass of the par- 
ticle and the magnitude of the electric 
charge it carries." 

2.69. One of the numerous photo- 
graphs obtained in this manner, with 
the lead plate seen cutting across the 
center, is shown in Fig. 2.6; it is a 
photograph of historical significance, 
for its interpretation by Anderson led 
to the discovery of the positive elec- 


particles were assumed to have a mass 
approximately equal to that of the 
ordinary electron of negative electric 
charge, and thus the first evidence for 
the existence of positive electrons . . . 
was obtained." 

2.70. After the foregoing interpreta- 
tion had been made of the photograph 
in Fig. 2.6, other cloud-chamber photo- 
graphs were examined in the light of 


Fia. 2.7. Groups of tracks produced by positron-electron pairs in a magnetic field. 
(C. D. Anderson, et al., Phys. Rev., 45, 360 (1934)) 


tron. Since the curvature of the track 
is less below the plate than above, the 
energy of the particle is greater below 
the plate. Hence the particle must have 
been moving upward. Knowing the 
direction of the magnetic field, and the 
direction of motion of the particle, the 
curvature of the track to the left imme- 
diately, showed that the particle must 
be positively charged. The density of 
the track was less than would be ex- 
pected for a proton, but its length was 
greater. “The photographs,” Anderson 
said, “of these positively charged par- 
ticles could be understood only if the 


the new discovery, and further proof 
was obtained that positive electrons 
were produced by the action of cosmic 
rays. Some of these photographs were 
of the type shown in Fig. 2.7, the two 
parts of which represent the same 
event taken from two different angles. 
The tracks of the charged particles are 
seen to fall into two groups, one being 
deflected to the left and the other to 
the right by the magnetic field. The 
outer group in each of the photographs 
consists of negative electrons and the 
inner group is made up of positive 
electrons. The variation within eac| 
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group is due to differences in the ener- 
gies of the various electrons. 

2.71. Anderson suggested the name 
positron for the positive electron, and 
this immediately came into general 
use. He also proposed the analogous 
term negatron for the negative electron, 
but this term is not widely employed.* 
At the present time, the word electron, 
without qualification, is invariably 
taken to imply the negatively charged 
particle. A system consisting of a pos- 
itive and a negative electron is called 
a positron-electron pair; the tracks 
produced by several such pairs are 
seen in Fig. 2.7. 

2.72. Shortly after the publication 
of Anderson’s discovery, P. M. S. 
Blackett and G. P. S. Occhialini, in 
England, announced in 1933 that they 
had obtained cloud-chamber photo- 
graphs which showed pairs of tracks of 
the type depicted in Fig. 2.7. In re- 
porting the results they said: “. . . it 
is necessary to come to the same re- 
markable conclusion that has already 
been drawn by Anderson from similar 
photographs. The only possible . . . 
[explanation] . . . of both the range 
and ionization is that these tracks are 
due to positively charged particles with 
a mass comparable with that of an 
electron. ... Altogether we have 
found 14 tracks . . . which must al- 
most certainly be attributed to such 
positive electron." 

2.73. Before proceeding to consider 
other positron studies, reference may 
be made to measurements of its specific 
charge, i.e., of its charge-to-mass ratio, 
which should, of course, be the same as 
for an electron. The first such deter- 
mination was made by J. Thibaud in 
Belgium in 1934, using an arrangement 
of crossed magnetic and electric fields 
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(§ 2.44); he reported that e/m for the 
positron did not differ by more than 
15 percent from that of the electron. 
Later, A. H. Spees and C. T. Zahn, in 
the United States, compared the be- 
havior in electric and magnetic fields 
of positrons and electrons which were 
emitted simultaneously from an arti- 
ficially radioactive form of the element 
copper (§ 10.134). It was found that 
the specific charges of the positive and 
negative particles do not differ by more 
than 2 percent. 


FORMATION AND DESTRUCTION 
; or PosiTRONS 


2.74. Upon consideration of the or- 
igin of the positrons formed by cosmic 
rays, Blackett and Occhialini, making 
use of Dirac’s theoretical treatment, 
thought it most likely that, as à result 
of interaction with matter, part of the 
energy of the rays was converted into 
positron-electron pairs. The minimum 
energy necessary to bring about the 
conversion could be caleulated, and 
this was found to be well within the 
range of the cosmic rays, and even of 
some of the radiations (gamma rays) 
emitted by certain radioactive sub- 
stances (§ 2.110). Hence such radia- 
tions might be expected to give posi- 
tron-electron pairs upon interaction 
with matter. 

2.75. Three groups of scientists, 
working independently in England, 
France, and Germany, had reported 
that when the element beryllium 
is bombarded with alpha particles 
(82.105) from the radioactive ele- 
ment polonium (§ 5.6), and the result- 


.ing radiations are allowed to impinge 


upon metallic lead, positron-electron 
pairs are produced. One of these 


*The Cosmic Ray Commission of the International Union of Ph ice, at its meeting in 


October 1947, favored the use of the terms positon 


erally adopted. 
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and negaion, but they have not been gen- 
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groups, namely, Iréne Joliot-Curie— 
daughter of Marie and Pierre Curie 
(§ 2.101)—and her husband F. Joliot, 
had suggested the possibility that the 
effect. was really due to high-energy 
gamma rays emitted from beryllium 
under the action of the alpha particles. 
This view was supported by the work 
of Anderson, reported in 1933, that 
gamma rays of high energy emitted 
by the radioactive element known as 
thorium C" are, like cosmic rays, able 
to produce positron-electron pairs. 
These results were soon confirmed by 
other experimenters, and calculations 
of the various energies involved pro- 
vided strong support for the theory of 
the origin of the positron-electron pairs 
(§ 3.84). 

2.76. Since positrons were rare 


" enough to elude discovery for many 


years, it is apparent that they are not 
a universal constituent of matter, 88 
are electrons. When a positron is pro- 
duced, either by the interaction with 
matter of rays of high energy or, as 
will be seen in § 10.131, by certain arti- 
ficial radioactive elements, it soon dis- 
appears as the result of combination 
with an electron. As there are large 
numbers of the latter always available, 
a positron does not exist for any ap- 
preciable time.. The average life of a 
positron varies with its environment, 
but it is usually of the order of a 
billionth part (10-9) of a second. In 
view of its evanescent nature, it is not 
surprising that the positron remained 
undiscovered for so long. Actually, 
after it had been identified, several 
scientists, looking through their files, 
found photographs of cloud-chamber 
tracks produced by cosmic rays that 
indicated the presence of positrons. 
There were probably extenuating cir- 
cumstances to account for the failure 


*In some cases a tempo) 
formed before annihilation occurs (§ 3. 


to recognize them; nevertheless, Ander- 
son must be commended, not only for 
his acute observation, hut also for his 
courageous interpretation which solved 
a long-standing problem. 

2.77. It may well be asked at this 
point: What happens when a positron 
and an electron unite? It appears that 
the positive and negative charges neu- 
tralize each other and the particles are 
annihilated leaving only energy in the 
form of radiation, often called annihi- 
lation radiation, similar to gamma rays 
(8 2.110).* The energy to be expected 
for this radiation can be calculated, 
and it is a striking fact that exactly 
such radiation was observed by J. 
Thibaud and by F. Joliot, in 1933, 
when a stream of positrons was allowed 
to impinge on a metal surface. The 
same radiations were also detected in 
other cases where positrons were pre- 
sumably annihilated by combining 
with electrons. 

2.78. Before the identification of the 
positron, several physicists had found 
that the absorption of high-energy 
gamma rays by matter was appreci- 
ably greater than calculated from a 
well-established equation, which gave 
excellent, agreement, with. experiment 
for rays of lower energy. At the same 
time a secondary radiation, whose or- 
igin could not be explained, was de- 
tected in the United States by the 
Chinese-born physicist C. Y. Chao in 
1930, and in England by L. H. Gray 
and G. T. P. Tarrant in 1932. The 
interpretation of these results was pro- 
vided by Blackett and Occhialini. The 
additional absorption of gamma rays 
was due to the conversion of their 
energy into positron-electron pairs, 
whereas thé secondary radiation had 
just the right energy to be expected 
for the annihilation of the positrons as 


rary Se ats of electron and positron, called positronium, is 
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a result of combination with the omni- 
present electrons. 

2.79. It has thus been clearly estab- 
lished that energy, in the form of 
gamma rays or cosmic rays, can be 
converted into particle pairs, under 
suitable conditions, and, conversely, 
the pairs can combine to produce en- 
ergy in the form of annihilation radia- 
tion. These results, as will be seen in 
Chapter 3, have an important bearing 
on the general principle of the rela- 
tionship between matter and energy, 
a principle upon which the realization 
of atomic energy is based. 


THE ANTIPROTON 


2.80. In the theory of Dirae which 
predicted the existence of the positron 
(§ 2.65) there is nothing that restricts 
it to electrons. In other words, the the- 
ory should be of wider applicability, 
both in its original and in its more 
recent forms, so that for every funda- 
mental particle there should be a re- 
lated "anti" (or opposite) particle. 
Corresponding to the ordinary proton, 
therefore, there is to be expected a 
negative proton, or antiproton. This 
particle should have the same mass 
(and other characteristic properties) as 
the proton but should differ from it in 
the respect that the antiproton carries 
a unit negative charge. 

2.81. Just as positron-electron pairs 
are formed by the interaction with 
matter of rays (or particles) having 
sufficient energy, so it should be pos- 
sible to produce proton-antiproton 
pairs in a similar manner. However, 
because the mass of the proton is 1836 
times as great as that of an electron, 
the energy needed to materialize a pro- 
ton-antiproton pair would be greater 
in the same proportion. Until 1955, the 
required energy was available only in 
cosmic rays, and many tracks produced 
by these rays in cloud chambers and in 
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photographic plates (Chapter 7) were 
carefully scrutinized for evidence of 
the antiproton. As a result, a number 
of claims were made to the identifica- 
tion of events that might be attributed 
to this particle. Some of these claims 
may well have been justified, but owing 
to the highly complex character of 
cosmic-ray phenomena, as well as to 
the difficulty of studying them under 
suitable conditions, it was impossible 
to accept the conclusions with any 
degree of confidence. 

2.82. When the instrument known 
as the Bevatron (§ 9.77) went into op- 
eration at full power, at the Lawrence 
Radiation Laboratory in Berkeley, 
California, there became available, for 
the first time, a controllable source of 
particles having energies large enough 
to create proton-antiproton pairs. Even 
if antiprotons were produced, however, 
there still remained the formidable 
problem of identifying them unequiv- 
ocally in the presence of many other 
particles formed at the same time. In 
a report made in October 1955, O. 
Chamberlain, E. Segre, C. E. Wiegand, 
and T. Ypsilantis described the proce- 
dure they used to obtain definite proof 
of the existence of the antiproton. 

2.83. Briefly, the method was some- 
what as follows. A stream of high- 
energy protons from the Bevatron was 
allowed to impinge on a copper block. 
The particles issuing from the target 
were passed through a magnetic field, 
so that those, including antiprotons, 
having negative charges were sepa- 
rated from the others. Then, making 
use of a complex and ingenious timing 
system, which registered only particles 
traveling a distance of 40 feet in the 
extremely small but precisely con- 
trolled time interval of 51 billionths 
(51 X 10-9) of a second, signals were 
recorded that could be caused only by 
antiprotons. None of the other nega- 
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tively charged particles present could 
have had the exact speed (nearly 80 
percent of the speed of light, i.e., 
148,000 miles per second) to traverse 
the given distance in the specified time. 

2.84. Further confirmation of the 
production of antiprotons was ob- 
tained in other ways. These were based 
on the anticipation that the encounter 
of an antiproton with an ordinary 
proton would lead to their mutual an- 
nihilation with the consequent libera- 
tion of a large amount of energy. As 
indicated earlier (§ 2.64), all atoms 
contain protons, so that the annihila- 
tion of antiprotons should occur in any 
material. In one of the confirmatory 
tests, a piece of glass was placed in the 
stream of particles containing anti- 
protons. The annihilation energy then 
caused the release in the glass of elec- 
trically charged particles which moved 
fast enough to cause the emission of 
light in the form of what is called 


Prima 
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Cherenkov radiation ($7.80). This 
light had properties that were in har- 
mony with an antiproton annihilation 
process as the original energy source. 

2.85. More definite proof of the pro- 
ton-antiproton annihilation was se- 
cured by exposing photographic plates 
to the negatively charged particle 
stream. Some of the resulting plates 
were sent to Rome, Italy, for study by 
scientists working with E. Amaldi, and 
others were examined by a group in 
Berkeley, California. The annihilation 
of an antiproton—presumably after 
eapture by a silver or bromine atom 
in the photographic emulsion—was ac- 
companied by the emission of several 
particles (Fig. 2.8).* The tracks of the 
particles appear in the form of a “star” 
with several prongs (§ 19.82). Meas- 
urements made on these prongs showed 
that the total energy release was 
greater than was to be expected from 
the mass of the antiproton alone, so 


Fig. 2.8. Star produced in photographic emulsion due to capture of an antiproton, 
indicated by p. (Lawrence Radiation Laboratory, University of California) 


* Tracks 3, 5, 6, 7, 


10 and 12 are produced by protons ejected from the interacting atom 


9 
(nucleus); tracks 1 and 2 are due to pi-mesons and 8 and 11 to K-mesons (see § 2.128 et seg. 
and Chapter 20). The short track 4 is produced by the atom (nucleus) remaining after the 


emission of these 
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that another particle, either a proton 
or neutron (see § 2.120), must have 
been annihilated simultaneously. It 
may be mentioned that the antiproton, 
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unlike the proton, is not a constituent 
of normal matter, since coexistence of 
the two partieles is obviously not 
possible. 


X-RAYS 


Tue Discovery AND NATURE 
or X-Rays 


2.86. While experimenting with the 
luminescence produced by cathode 
rays, the German physicist, W. C. 
Róntgen made a discovery, toward the 
end of 1895, which has had a notable 
effect, both direct and indirect, on 
atomic science. It was stated earlier 
(8 2.17) that the rays cause the glass 
walls of the discharge tube to lumi- 
nesce, but even more intense lumines- 
cence is produced in various chemical 
compounds, particularly barium plati- 

` nocyanide, zinc blende (zine sulfide), 
and willemite (zinc silicate). In the 
course of his work, Róntgen had en- 
closed a discharge tube in a box made 
of thin, black cardboard, placed in a 
darkened room. Near the tube there 
happened to be a sheet of paper coated 
on one side with barium’ platinocya- 
nide, and Réntgen noticed that, when 
the tube enclosed in the box was op- 
erating, the paper exhibited a brilliant 
luminescence. He proved that what- 
ever was responsible for this phenom- 
enon originated in the discharge tube, 
and he concluded that it was some 
form of penetrating. rays, to which he 
gave the name of X-rays.* 

2.87. Réntgen found. that, in addi- 
tion to producing luminescence, the 
rays caused darkening or fogging 


* Rön said: “. . 


known quantity. The rays are frequently 


of photographie plates, even when 
wrapped in paper or enelosed in a 
box. Consequently, these materials, 
which are opaque to ordinary light, 
are transparent to the X-rays. This 
fact led Róntgen to take X-ray photo- 
graphs of normally opaque bodies, such 
as the hand, thus revealing their inter- 
nal structure by the varying degrees 
of transparency of the different por- 
tions, e.g., bone and flesh, to the rays. 

2.88. To Röntgen goes credit for a 
discovery that might well have been 
made at any time during the two pre- 
ceding decades. William Crookes and 
F. Jervis Smith, in England, and, no 
doubt, others elsewhere, had found 
that photographic plates, although 
still in their unopened boxes, became 
fogged when kept in a room in which 
a discharge tube was in operation. The 
phenomenon was usually attributed to 
some spurious external circumstances, 
and was not investigated. In addition, 
in 1890, A. W. Goodspeed, in Philadel- 
phia, actually produced shadow photo- 
graphs, which were really due to 
X-rays, but which he attributed to 
cathode rays. The Hungarian physi- 
cist P. Lenard obtained similar photo- 
graphic results in 1894, using the so- 
called “Lenard rays” obtained by 
passing cathode rays through an 
aluminum window in a discharge tube. 


itgen ; X-rays, as I will call the rays, for the sake of brevity,” but it is be- 
lieved that he chose the latter X because it is frequently used in algebra to represent an un- 
referred to aa Röntgen raye 
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2.89. In the early months of 1896, | 


the investigation of the properties of 
X-rays attracted considerable atten- 
tion in various parts of the world. 
Almost simultaneously, and independ- 
ently, scientists in England, France, 
and Italy found that, when X-rays 
were passed through air or other gas, 
the gas acquired the ability to conduct 
electricity. In other words, X-rays 
have the property of producing ions, 
i.e., electrically charged atoms or mol- 
ecules (§ 2.15), in gases. There is little 
doubt that the experiments which re- 
sulted in this discovery were prompted 
by the photoelectric effect, well known 
at the time, whereby ultraviolet rays 
produce ionization in the air in the 
vicinity of a metal, such as zinc (§ 2.48). 
But regardless of how it was discov- 
ered, the phenomenon of ionization by 
X-rays is of considerable importance. 

2.90. For several years after their 
discovery there was no clear under- 
standing of the nature of X-rays, and 
several different theories were pro- 
posed to account for their origin and 
behavior. It was not until 1912 that 
definite evidence, to be described in 
§ 2.94, was obtained that the rays 
were an electromagnetic radiation 
analogous to light but of shorter wave 
length (§ 3.20). 


Cuaracrenistic X-Rays 


2.91. In Réntgen’s experiments the 
X-rays were produced by the cathode 
rays striking the walls of the discharge 
tube. Better results may be obtained 
by allowing the cathode rays to im- 
pinge on a piece of metal, called an 
anticathode, placed in their path; the 
X-rays are then emitted from the anti- 
cathode. In general, any stream of 
fast-moving, i.e., high-energy, elec- 
trons—no matter how they are formed 


—will produce X-rays when they lose 
energy and are slowed down upon 
striking a suitable material (§ 4.75).* 

2.92. As a rule, the wave lengths of 
the radiations emitted from an anti- 
cathode cover a considerable range, 
but if the X-rays are allowed to fall 
on & given material, most are ab- 
sorbed leaving only radiations with 
wave lengths characteristic of the ele- 
ments present in the material; this 
appears to have been recognized by ' 
C. G. Barkla, in England, in 1911. 
These characteristic X-rays, as they 
are now called, can be produced in 
other ways, e.g., by permitting cathode 
rays of high velocity to impinge di- 
rectly on a target (anticathode) made 
of, or containing, the particular ele- 
ment. The rays fall into several groups 
(or series) distinguished by the letters 
K, L, M, N, etc., in order of decreas- 
ing hardness, i.e., of decreasing energy 
and ability to penetrate matter. For 
a given element, the rays of the K 
series are the most difficult to produce, 
ie, they require electrons (cathode 
rays) of the highest energy; produc- 
tion of the L, M, etc., series can occur 
at lower and lower energies ($ 4.74). 
For elements of increasing atomic 
weight, the characteristic X-rays of 
each series become more and more dif- 
ficult to excite. The importance of the 
characteristic X-rays in connection 
with atomic structure will be described 
in § 4.24. 


Tug Dirrraction or X-Rays 


2.93. From various early experi- 
ments of a somewhat crude nature, it 
appeared that X-rays might have a 
wave length of about 10-8 cm. If this 
were so, then, argued the German 
physicist M. von Laue, a crystal 
should exhibit the phenomenon of dif- 


* X-ray machines used in industry and medicine operate on this principle. 
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fraction of X-rays. Theoretical caleula- 
tions, based on the wave theory of 
hght, have shown that when light 
passes through a diffraction grating, 
consisting of a number of small gaps 
with a spacing of the same order as 
the wave length of light, rays proceed- 
ing in certain directions will either en- 
hance or annul one another (§ 3.10). In 
this way a diffraction pattern can be 
produced. 

2.94. In a crystal, the centers of 
atoms or molecules are approximately 
10-5 em apart, and hence a crystal 
should act as a diffraction grating for 
X-rays, thus yielding a definite pattern 
depending on the nature of the crystal 
and the wave length of the rays 
the suggestion of von Laue, his asso- 
ciates W. Friedrich and P. Knipping 
made the experiment, in 1912, of pass- 
ing à beam of X-rays through a slice of 
zine blende (zine sulfide) crystal; a dif- 
fraction pattern of the expected type 
was formed on a photographie plate 
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upon which the rays fell. An example 
of such a pattern, obtained with so- 
dium chloride (common salt), is shown 
in Fig. 2.9. Thus, X-rays were proved 
to be of the same nature as light, but 
with a shorter wave length. Inciden- 
tally, the use of a crystal as a diffrac- 
tion grating has provided a valuable 
method for determining the actual 
wave lengths of the rays, on the one 
hand, and for studying interatomic 
distances within the crystal, on the 
other hand. 

2.95. A simple treatment of the dif- 
fraction of X-rays accompanying re- 
flection at the surface of a crystal was 
developed by the English physicist 
W. L. Bragg in 1912. Suppose a train 
of waves, which may be X-rays, strikes 
a crystal, consisting of a regular 
arrangement of atoms, ions, or mole- 
cules. The crystal then functions as a 
series of parallel reflecting planes, as 
indicated in Fig. 2.10. If the glancing 
angle 0 is such that it bears a proper 


Fig, 2.9. Laue-type diffraction pattern produced by X-rays passing through a crystal 
of sodium chloride. 
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relationship to the distance d between 
the reflecting planes and to the wave 
length ^ (§ 3.13) of the incident waves, 
the reflections from the various planes 


X-RAYS 


CRYSTAL PLANES 
Fig. 2.10. Reflection of X-rays by crystal 
planes to illustrate derivation of the Bragg 
equation. 


will be exceptionally intense, The re- 
flections are then said to be in phase. 
But, if the angle 6 does not satisfy the 
conditions for the various reflections 
to be in phase, they will interfere with 
one another and the resultant beam 
will have a greatly diminished inten- 
sity. As the angle of incidence is 
changed, therefore, there will be ob- 
served a series of reflections exhibiting 
alternating maxima and minima of 
intensity. This is the manner in which 
diffraction due to reflection manifests 
itself, 

2.96. The condition for obtaining 
reflection maxima for X-rays, as de- 
rived by Bragg and usually known as 
the Bragg equation, may be written in 
the form 


nà = 2d sin 6, (2.12) 


where A is the wave length of the 
X-rays, d is the distance between suc- 
cessive reflecting planes of atoms, ions, 
or molecules, 0 is the glancing angle, 
and n is an integer, namely, 1, 2, 3, 
and so on. Consequently, if the angle 
8 is such that sin 6 satisfies the rela- 
tionship derived from equation (2.12), 
that is, 

(2.13) 


sin @ = 2 


where » may be 1, 2, 3, etc., then a 
reflection maximum will occur. If the 
diffraction effect is to be observed, the 
glancing angle 0 must not be too small, 
and hence sin 0 must be appreciable. 
It ean be readily seen from equation 
(2.13) that, for this to be the case, the 
wave length \ of the diffracted rays 
and the distance d between the reflect- 
ing planes must be of the same order 
of magnitude, in agreement with the 
statement made above. 

2.97. In this and other ways it has 
been established that X-rays have 
wave lengths of the order of 10-5 cm. 
The actual values for characteristic 
X-rays have been determined with a 
considerable degree of accuracy for 
many elements. The results are so pre- 
cise that they can be used for purposes 
of identification. 


RADIOACTIVITY 


Discovery or RADIOACTIVITY 


2.98. Shortly after Réntgen’s an- 
nouncement of his discovery of X-rays, 
the French physicist Antoine Henri 
Becquerel became interested in the 
subject as the result of a lecture given 
at the Academy of Sciences in Paris by 


H. Poincaré. In answer to a question, 
the latter stated that the X-rays ap- 
peared to originate in the luminescent 
spot produced where the cathode rays 
impinge on the discharge tube. Bec- 
querel’s father, Edmond Becquerel, 
also a physicist, had made a particular 
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study of a type of luminescence known 
as fluorescence,* exhibited by various 


substances, particularly upon exposure. 


to sunlight. A. H. Becquerel happened 


Fig, 2.11, A. Henri Becquerel (1852- 

1908). (From M. A. Weeks, T'he Discovery 

of the Elements, Chemical Education Pub- 
lishing Co.) 


to have in his possession a pure spec- 
imen of the double salt, potassium 
uranyl sulfate, which his father had 
used in his work on fluorescence. In an 
attempt to discover some connection 
between X-rays and the luminescence 
exhibited by the uranium salt,f Bec- 
querel wrapped a photographic plate 
in black paper, placed a thin crystal of 
the salt upon the paper, and then ex- 
posed the whole to sunlight, When the 
photographic plate was developed, it 
was found to be darkened, indicating 
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that the uranium salt emitted radia- 
tions which could penetrate paper. Bec- 
querel showed that the rays could, in 
fact, pass through thin sheets of alu- 
minum and copper and still cause 
blackening of the photographic plate. 
At the time, he was of the opinion that 
the uranium salt had emitted the rays 
as a result of exposure to light, but, 
taking advantage of an unexpected 
circumstance, as mentioned below, he 
made a discovery which turned out to 
be of a revolutionary nature. 

2.99. Describing his work, in the 
early part of 1896, Becquerel said, re- 
ferring to his experiments with the 
uranium salt placed over the photo- 
graphic plate wrapped in paper: Some 
had been prepared on Wednesday, 
February 26th and Thursday, Febru- 
ary 27th, but as on these days the sun 
shone only intermittently, I kept the 
experiments that had been prepared 
and returned the plates to the darkness 
of a drawer . . . leaving the crystals 
of the uranium salt in place. The sun 
not showing itself again the following 
days, I developed the photographic 
plates on March 1st, expecting to find 
very faint images. On the contrary, 
the silhouettes appeared with great 
intensity. . . . A hypothesis which 
occurs... to the mind will be to 
suppose that these radiations [emitted 
by the uranium salt]. . . are similar 
to invisible rays emitted by phospho- 
rescent [fluorescent?] substances, ex- 
cept that the time of persistence is 
infinitely greater than that of the vis- 
ible radiations emitted by such bodies.” 
Thus, Becquerel showed that the ura- 
nium salt emitted rays, even without 
being exposed to sunlight, and that 


* The term fluorescence is generally used to describe the emission of light of a particular 
wave length as a result of exposure of a material to light of another—usually shorter—wave 


length, the emitted light ceasing immediately the exciting light is cut off. 
‘osphorescence,’’ a term which now 


A. H. Becquerel described this as “phi 


merally refers 


to luminescence that continues for some time after the exciting light is cut off; ie 
uranium salt is probably fluorescent rather than phosphorescent: pda r 


y 
} 
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these rays persisted for a long time. 
In this manner was discovered the re- 
markable phenomenon to which Marie 
Curie, in 1898, gave the appropriate 
name of radioactivity (§ 5.5).* 

2.100. After Becquerel found that 
the radiations from uranium were 
similar to X-rays in the respect that 
they could penetrate materials opaque 
to ordinary light, and also affect a 
photographie plate, he was naturally 
interested to see if the radiations, like 
X-rays, were able to produce ioniza- 
tion in air. For this purpose he used a 
gold-leaf electroscope which, in its sim- 
plest form, consists of a short, vertical 
metal rod with a metal sphere or plate 
at its upper end; to its lower end are 
attached two small rectangular sheets 
of gold leaf, hanging vertically. The 
rod is usually supported, with suitable 
insulation, in a box which serves to 
protect the delicate gold leaves from 
air currents. If an electric charge is 
applied to the sphere or plate, it is 
transferred through the metal to the 
gold leaves; since these both now carry 
charges of the same sign, they imme- 
diately repel each other, forming an 
inverted V (Fig. 2.12). If the air in 
the vicinity is ionized in some manner, 


reins 


CHARGED: DISCHARGED 


Fig, 2.12. Use of simple gold-leaf electro- 
scope to detect ionizing radiation. 


it becomes an electrical conductor and 
thus permits the charge on the leaves 
to leak away. In other words, the 
electroscope becomes discharged. The 
repulsion then ceases and the leaves 
return to their original vertical posi- 
tions. Becquerel observed that a ura- 
nium salt brought near a charged elec- 
troscope caused the latter to discharge. 
Thus, the rays from uranium had the ' 
property of ionizing the air in their 
vicinity. 

2.101. The subject of radioactivity 
will be discussed in some detail in later 
chapters and for the present purpose, 
which is a brief consideration of the 
nature of the emitted radiations, it is 
sufficient to state that Becquerel’s dis- 
covery was soon followed by the iden- 
tification of other active elements, 
namely, thorium, polonium, radium, 
and actinium, in which the Polish-born 
Marya (Marie) Sklodowska Curie and 
her French husband Pierre Curie 
played an important part (Chapter 5). 
At the present time, a considerable 
number of radioactive species are 
known; some occur in nature, others 
are produced by various transmuta- 
tion and disintegration processes 
(Chapter 10). 


RanioACTIVE RADIATIONS: 
ALPHA AND BETA Rays 


2.102. It wasobserved almost simul- 
taneously in 1899 by Becquerel in 
France, by S, Meyer and E. von 
Schweidler and by F. Giesel in Ger- 
many, that the radiations from radio- 
active substances could be deflected in 


uerel, In 18! 
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a magnetic field in the same direction 
as are cathode rays. It appeared there- 
fore that part, at least, of the radia- 
tions consist of negatively charged 
particles. At about the same time, E. 
Rutherford (see $ 2.04) was in Eng- 
land studying the extent to which pas- 
sage through thin sheets of aluminum 
was able to reduce the ionizing power 
of the active radiations. From his re- 
sults he concluded that the radiations 
emitted.by & uranium compound were 
of two different types: the first, which 
Rutherford called alpha (a) rays, were 
unable to penetrate more than about 
0.002 em of aluminum, but the sec- 
ond, the beta (8) rays, required a much 
thicker sheet of aluminum to absorb 
them completely. The penetrating 
power of the beta rays was found to 
be very roughly a hundred times that 
of the alpha rays. 

2.103. The suggestion that there 
were two different kinds of rays was 
also made by Pierre Curie in 1900, 
when he found that part of the radia- 
tion from radioactive substances could 
be deflected in a magnetic field, whereas 
the other part appeared not to be 
deflected. Marie Curie showed that the 
rays which were deflected had a greater 
penetrating power than those which 
were not deflected in the magnetic field. 
The latter were evidently identical 
with Rutherford’s alpha rays and the 
former with his beta rays. In addition 
to being deflected in a magnetic field, 
F. E. Dorn demonstrated in 1900 that 
beta rays are also deflected by an 
electric field. 

2.104. By collecting the rays in a 
Faraday cylinder (§ 2.20), Marie and 
Pierre Curie in 1900 confirmed the fact, 
indicated by the deflections, that the 
beta rays were associated with a nega- 
tive charge. It consequently appeared 
probable to Becquerel that the beta 
rays might be related to cathode rays; 
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thus, in his own words: “The exper- 
iments which I have made during the 
past several months on the radiations 
from radium have shown that the 
properties of the part of this radiation 
which is deviable in a magnetic field 
have a great analogy with those of 
cathode rays.” To demonstrate the 
complete identity of the beta and cath- 
ode rays, Becquerel (1900) determined 
both the speed and the charge-to-mass 
ratio ie. the specific charge, of the 
particles which presumably consti- 
tuted the beta rays, by studying their 
deflection in electric and magnetic 
fields (8 2.42 et seg.). In this way, he 
found the velocity to be about 1.6 X 
10! cm per sec, which is just more 
than half that of light; the specific 
charge was approximately 3 X 10!" esu 
per gram. These results, as Becquerel 
said, “are entirely of the order of mag- 
nitude which have been found for cath- 
ode rays.” Later work has established, 
with complete certainty, that beta rays 
do, in fact, like cathode rays, consist 
of negatively charged electrons. Thus, 
the beta rays are really streams of par- 
ticles, often referred to as beta particles, 
which are identical with electrons. 


Tur ALPHA PARTICLE 


2.105. As stated above, early exper- 
iments indicated that the alpha rays 
could not be deflected in a magnetic 
field, and hence appeared to be un- 
charged. Nevertheless, some scientists, 
particularly R. J. Strutt (later Lord 
Rayleigh, 4th Baron) and W. Crookes, 
in England, noting the strong ionizing 
power of the radiations, thought they 
might consist of positively charged 
particles of relatively large mass. This 
view received confirmation from Ruth- 
erford when, in 1903, he succeeded in 
deflecting the alpha rays by using à 
powerful magnetic field; the direction 
of the deflection was opposite to that 
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of an electron stream in the same field. 
It was apparent, therefore, that the 
alpha rays actually consist of positively 
charged particles. 

2.106. Preliminary measurements of 
the specific charge (e/m) of alpha par- 
ticles were made independently by 
Rutherford and by T. Des Coudres in 
1903, by observing their deflections in 
magnetic and electric fields. The value 
so obtained was, about 2 X 10^ esu 
per gram, as compared with 5.3 X 10" 
esu per gram for an electron. The for- 
mer figure is of the same order of mag- 
nitude as for the atomic and molecular 
ions in positive rays (§ 2.62), and so 
Rutherford concluded that “the alpha 
rays . . . are thus very similar to the 
Kanalstrahlen [i.e., positive rays] . . . 
which have been shown ... to be 
positively charged bodies moving with 
high velocity." Shortly afterward, he 
said: “I have been . . . led by a mass 
of indirect evidence to the view that 
the alpha rays are in reality charged 
bodies of mass of the order of that of 
the hydrogen atom." 

2.107. In 1906, Rutherford reported 
the results of more accurate measure- 
ments of e/m by deflecting the alpha 
particles, from several different radio- 
active sources, in both magnetic and 
electric fields.* The value found, 1.5 X 
10" esu per gram, was about one half 
that for a proton, i.e., for a hydrogen 
atom with a single electrie charge 
(82.64). Two reasonable interpreta- 
tions of this result were possible: first, 
the alpha particle might be a hydro- 
gen molecule, having twice the mass 
of a hydrogen atom, but still carrying 


a single charge; and second, it might 
be a helium atom, with a mass four 
times that of a hydrogen atom, carry- 
ing two elementary charges. In either 
case, the e/m value would be approx- 
imately half that for a proton. Since 
both radium and actinium salts had 
been found to liberate helium,} and 
this gas was known to be frequently 
associated with radioactive minerals, 
Rutherford favored the second pos- 
sibility. He thought it probable, there- 
fore, that alpha particles were helium 
atoms carrying two unit positive 
charges; in other words, they were 
doubly charged helium ions or helium 
atoms each of which had lost two 
electrons. 

2.108. Partial confirmation of this 
view was obtained by E. Rutherford 
and H. Geiger (§ 4.8) in 1908, when 
they determined, by means of an elec- 
trometer, the total charge carried by : 
the alpha particles emitted by a given 
radioactive source. Then the number 
of particles was counted, by the 
method described in $ 7.27; thus the 
charge on each alpha particle could be 
calculated. A somewhat similar pro- 
cedure was used by the German physi- 
cist E. Regener in 1909, and both sets 
of experiments led to essentially the 
same result. The charge on an alpha 
particle was found to be about 9.6 X 
10-1 esu, which is twice the value 
of the elementary electronic charge 
(8 2.41). The alpha particle must thus 
carry two unit charges, and since its 
specific charge (e/m) is half that of a 
proton, its mass must inevitably be 
four times as great. The only reason- 
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able particle of this mass is an atom of 
helium, so that the alpha particle 
should be represented by the symbol 
He**. 

. 2.109. In 1909, E. Rutherford and 
T. Royds provided a final, and un- 
equivocal, proof of the relationship be- 
tween alpha particles and helium. A 
radioactive material emitting alpha 
particles, was placed in a thin-walled, 
glass tube surrounded by a wider tube 
which had been evacuated. The alpha 
particles penetrated from the inner 
into the outer tube, through the thin 
glass walls. After several days, an elec- 
tric discharge was passed through the 
gas collected from the outer tube, and 
it showed the unmistakable spectrum 
of helium. This could only have come 
from the alpha particles, and so it must 
be regarded as definitely established 
that these particles are doubly-charged 
helium ions, i.e., helium atoms carry- 
ing two unit positive charges. By pick- 
ing up two electrons, an alpha particle 
eventually becomes an ordinary (neu- 
tral) helium atom. 


GaMMA Rays 


2.110. A third type of radiation, 
which could not be deflected in a mag- 
netic field, but which nevertheless had 
considerable penetrating power and a 
marked effect on a photographie plate, 
was discovered by P. Villard in France 
in 1900. These radiations are now 
called gamma (y) rays.* As with cath- 
ode rays, the nature of the gamma rays 
was at first the subject of controversy. 
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F. Paschen and W. H. Bragg thought 
they were high-speed particles, whereas 
C. G. Barkla and E. Rutherford fa- 
vored the view that they were of a 
wave nature similar to X-rays. Defi- 
nite proof of the correctness of the 
latter view was obtained by E. Ruth- 
erford and A. N. da C. Andrade in 1914 
when they succeeded in causing the dif- : 
fraction of the gamma rays by means 
of a suitable crystal (§ 2.93). Direct 
measurement of the wave lengths of 
the rays in this manner gave values 
corresponding to those for very short 
X-rays. The gamma rays, like X-rays 
and light rays, are thus a form of elec- 
tromagnetic radiation (§ 3.23). 


Comparison or RADIATIONS 


2.111. In reviewing the properties of 
the three types of radioactive rays, it. 
may be said that the alpha rays have a 
very weak penetrating power, being 
completely absorbed by a few sheets of 
paper. These rays, however, are able 
to produce marked ionization of gases 
through which they pass. The beta 
rays are much more penetrating than 
the alpha rays, some millimeters of 
aluminum being required to absorb 
them, but their ionizing power is ap- 
preciably less. Finally, the gamma 
rays are highly penetrating; several 
centimeters of lead may sometimes fail 
to cut them off completely, although 
they produce relatively little ionization 
per unit distance in their path through 
air. 

2.112. All three types of radiation 


* It has been stated that Villard gave this name to the rays, but such does nob appear to 
be the case. The term gamma Tays came into general use in 1903, ee it is not certain 
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can affect a photographic plate in the 
dark. It is of interest to recall that the 
initial discovery of radioactivity by 
Becquerel was due to the photographic 
action of the radiations from uranium. 
The differing electrical properties of 
the radiations are summarized in the 
form of a diagram (Fig. 2.18) which 
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Fia. 2.13, Marie Curie's representation of 
alpha, beta, and E rays in a magnetic 
eld. 


Marie Curie included in her doctorate 
Thesis, published in 1903. It is sup- 
posed that a radioactive material is 
placed in a narrow but deep cavity in 
a block of lead, so that, in the ab- 
sence of electric and magnetic fields, 
the rays would emerge as a thin ver- 
tical beam. If a strong magnetic field 
were applied in a direction perpendic- 
ular to and out of the plane of the 


, paper, the alpha particles, being pos- 


itively charged and relatively heavy, 
would be slightly deflected to the right, 


. the beta particles, since they are neg- 


atively charged and light, would be 
deviated to a greater extent to the left, 


whereas the gamma rays, carrying no 
electric charge, would not be deflected 
at all. 

2.113. Most naturally occurring ra- 
dioactive elements radiate either alpha 
or beta particles, although in a few ex- 
ceptional instances both are emitted.* 
In many cases, gamma rays accompany 
the alpha or beta particles. The essen- 
tial. nature of the rays is the same, 
irrespective of their origin; the alpha 
particles are always doubly-charged 
helium atoms, the beta particles are 
electrons, and the gamma rays are 
electromagnetic waves. However, the 
specific properties of the radiations, 
such as the velocities of the alpha and 
beta particles, their penetrabilities and 
power of ionizing gases, and the wave 
lengths of the gamma rays, vary with 
the particular radioactive element 
from which they originate. d 

2.114. The foregoing description of 
the radiations has referred in partic- 
ular to those obtained from naturally 
occùrring radioactive elements. In re- 
cent years a much larger number of 
active elements have been obtained in 
what might be called an artificial man- 
ner (Chapter 10). Some of these 
“artificially” radioactive elements, es- 
pecially those of high atomic weight, 
emit alpha particles, but others expel 
either electrons or positrons (§ 2.71), 
together with gamma rays in many 
cases. 


THE NEUTRON AND ANTINEUTRON 


PREDICTION OF THE NEUTRON 


2.115. In the year 1920 there ap- 
peared, from three widely separated 
sources, the suggestion that an entirely 
new and hitherto undiscovered par- 


* The emission of both al; ha and bota perd 


experitnenters, was due to 
Chapter 5). * 


ticle might be an important unit in 
the structure of atoms. The particle of 
which the possible existence was c0D- 
sidered by W. D. Harkins in the 
United States, by Orme Masson. in 


icles by uranium salts, as ly 
presence of other active elements in addit ved by thee 
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Australia, and by E. Rutherford in 
England, was believed to result from 
the neutralization of the electric charge 
of a proton by an electron, leaving a 
neutral, i.e., uncharged, particle, hav- 
ing a mass of unity, on the ordinary 
atomic weight scale.* In his Bakerian 
Lecture to the Royal Society in 1920, 
Rutherford said: “Under some con- 
ditions . . . it may be possible for an 
electron to combine much more closely 
with the hydrogen nucleus [ie. a 
proton], forming a kind of neutral 
doublet. Such an atom would have 
novel properties. Its external field 
would be practically zero... and 
consequently it should be able to move 
freely through matter. Its presence 
would probably be difficult to detect.” 
This hypothetical particle, to which 
was given the name néutron,} was des- 
tined to play a totally unexpected role, 
not only in the history of atomic sci- 
ence but also in the fate of nations. 

2.116. Since the neutron was re- 
garded as a close combination of a 
proton, i:e., a gaseous hydrogen ion, 
and an electron, numerous unsuccessful 
attempts were made in Rutherford's 
laboratory, and probably elsewhere, to 
detect the formation of neutrons by 
the passage of an electric discharge 
through hydrogen. Rutherford also 
reported that he and his assistant, 
James Chadwick, who finally ídenti- 
fied the neutron some years later 
(§ 2.118), had attempted to obtain 
neutrons by bombarding aluminum 
with fast alpha particles from a radio- 
active source; these efforts, too, met 
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with failure, although, as later events 
proved, the experiments were actually 
on the right lines. In September 1924, 
Chadwick wrote to Rutherford, who 
was then on a visit to the United 
States: “I think we shall have to make 
a real search for the neutron. I believe 
I have a scheme which may just work 
but I must consult Aston [§ 6.36] first.” 
But, if the scheme was tried, it was 
evidently not successful. 


Discovery OF THE NEUTRON 


2.117. The actual discovery of the 
neutron came as an unexpected cul- 
mination of a series of events. In 1930, 
W. Bothe and H. Becker reported from 
Germany that if certain light elements, 
notably beryllium and to a lesser ex- 
tent boron and lithium, were exposed 
to alpha rays from the natural radio- 
active element polonium, a very highly 
penetrating radiation was obtained. It 
was thought that this might be a form 
of gamma ray of high energy.t While 
repeating these experiments in 1932, 
I. Joliot-Curie and F, Joliot (8 2.75) 
found that when a sheet of a hydro- 
gen-containing material, particularly 
paraffin, was interposed in the path of 
the new radiation, protons were ejected 
with a considerable velocity. The 
Joliots thought they had discovered a 
“new mode of interaction of radiation 
with matter" whereby electromag- 
netic waves were able to impart large 
amounts of kinetic energy, i.e., energy 
of motion, and momentum to light 
atoms. The results were, however, not 


* In a letter, dated February 28, 1921, to his former collaborator B. B. Boltwood of Yale 


Universit; 
charge: ‘Actually . . . most of 


(see $5.44), Rutherford wrote, concerning the particle of unit mass and zero 
the ideas. . . 


have been common property in this country 


[i.e., England] and especially to myself for the last five years." 
t The word, neutron was apparently first employed in this connection by W. D. Harkins in 


1921; thus, "neutron. . 
[i.e., a proton]." 


of 


+ a term representing one negative electron and one hydrogen nucleus 


Tt is very probable that, gamma rays, arising from the Coulomb excitation of the nuclei 
pota etc., by the alpha particles, ‘were actually present (§ 10.96). 
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in accord with the requirement of the 
accepted laws of mechanics, and so 
there arose a dilemma: either the usual 
mechanical laws did not hold in this 
instance, or the so-called radiation was 
not of an electromagnetic nature anal- 
ogous to gamma rays. 

2.118. The situation was resolved by 
James Chadwick, in England, in 1932. 
Referring to the observations of Bothe 
and Becker, of the Joliots and also of 
H. C. Webster, made at about the same 
time, he said: "The experimental re- 
sults are very difficult to explain on 
the hypothesis that the beryllium radi- 
ation was a quantum [i.e., electromag- 
netic] radiation, but followed imme- 
diately if it were supposed that the 
radiation consisted of particles of mass 
nearly equal to that of the proton and 
with no net charge." In other words, 
by supposing that the apparent new 
radiation was really a stream of neu- 
trons, which have a particle nature but 
no charge, the observed facts could be 
interpreted without the necessity of 
discarding the laws of mechanics. Tt is 
easy to understand how a fast-moving 
particle like a neutron can impart ki- 
netic energy and momentum to a hy- 
drogen or other light atom. By attrib- 
uting to the new particle a mass of 
approximately unity, on the atomic 
weight scale, i.e., about the same as 
that of the hydrogen atom (or the 
proton), Chadwick showed that the 
results of the earlier experimenters 
could be completely explained.* 

2.119. Since the neutron carries no 
electric charge, it produces no appre- 
ciable ionization in its path and hence 
gives no visible track in a cloud cham- 
ber (§§ 2.67, 7.90). This is one expla- 
nation of why it proved difficult to 


* F. Joliot is 


detect. On the other hand, the absence 
of charge accounts for its very high 
penetrating power for reasons which 
will become apparent after the nature 
of the interior of the atom has been 
discussed (Chapter 4). 

2.120. In the years since 1932, Chad- 
wick's identification of the neutron has 
been amply verified in laboratories the 
world over. A number of different 
ways of producing neutrons have been 
discovered, and it is now known that 
these particles are fundamental units 
of atomic structure. In view of its 
great importance, the neutron merits 
a much more detailed treatment, and 
this will be given in Chapter 11. 


THE ANTINEUTRON 


2.121. From the occurrence of the 
antiparticles corresponding to the elec- 
tron and the proton, namely, the 
positron and the negative proton (or 
antiproton), respectively, it is to be 
expected that an antineutron should 
also exist. The antineutron, like the 
positron and the antiproton, however, 
would not be a constituent of ordinary 
matter. The discovery of the anti- 
neutron, which had to await the avail- 
ability of a fair source, at least, of 
antiprotons, was announced in Sep- 
tember 1956 by B. Cork, G. R. Lam- 
bertson, O. Piccioni, and W. Wenzel. 
It was stated in $ 2.84 that, when a 
proton and an antiproton meet, mu- 
tual annihilation can, and generally 
does, take place. But if the two par- 
ticles come fairly close to each other, 
although not close enough for annihila- 
tion to occur, it is possible for an elec- 
trical charge to be transferred from the 
positive proton to the negative anti- 


orted to have stated—after Chadwick's explanation of their observations 


—that if he and his wife (I. Joliot-Curie) had read Rutherford's 1920 Bakerian Lecture, in. 
which the sees existence of a neutral particle of unit mass had been considered (§ 2.115), 


they woul 


probably have identified the neutron themselves. 
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proton, or vice versa.’ As a result, both 
particles would become electrically 
neutral, the proton being converted 
into a neutron and the antiproton into 
an antineutron; thus, 
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change with a normal proton occurs. 
The resulting antineutron, being elec- 
trically neutral, left no track, but a 
short distance ahead it was captured 
by a carbon atom causing the latter to 


proton + antiproton — neutron + antineutron. 


2.122. Evidence that this charge 
transfer (or charge exchange) process, 
leading to the formation of the anti- 
neutron, did indeed occur was obtained 
by allowing antiprotons, obtained from 
the Berkeley Bevatron as described in 
§ 2.82, to enter a vessel of liquid hy- 
drogen. About three out of every thou- 
sand antiprotons interacted with the 
protons in the hydrogen to form anti- 
neutrons. The latter were identified by 
the energy produced in the mutual an- 
nihilation of a neutron and an anti- 
neutron. The release of energy was 
accompanied by a flash of light (or 
scintillation) in a detector. Although 
flashes were caused in other ways, the 
recording system was designed to re- 
spond only to those associated with 
the correct amount of energy to be 
expected from neutron-antineutron an- 
nihilation. The formation of neutrons 
by charge exchange, as described above, 
was confirmed in a more direct manner 
by E. Segré and W. M. Powell at 
Berkeley in 1958. An antiproton enter- 
ing a bubble chamber (§ 7.103) con- 
taining the hydrocarbon propane was 
indicated by a track which terminated 
suddenly at a point where charge ex- 


disintegrate, with the formation of a 
four-pronged star of visible bubble 
tracks. 

2.123. The electron and its anti- 
particle, the positron, differ only in 
the respect that they have electrical 
charges of opposite sign, and the same 
is true‘ of the proton and the anti- 
proton. But since a neutron has no 
electrical charge, it is pertinent to 
inquire: What is the difference between 
2 neutron and an antineutron? An 
answer to this question cannot yet be 
given with absolute certainty, but the 
following interpretation is of interest. 
It will be seen later (§ 12.75) that the 
neutron, although it is electrically neu- 
tral, has the properties of a small mag- 
net, associated with a spinning negative 
charge. It is possible, therefore, that 
the neutron has some sort of internal 
Structure, consisting of an electrically 
charged center surrounded by a region 
of opposite charge. In the antineutron 
the signs of the charges would presum- 
ably be reversed. It is to be expected, 
therefore, that, when Spinning in the 
same direction, the neutron and anti- 
neutron will produce oppositely di- 
rected magnetic fields. 


MATTER AND ANTIMATTER 


THE ANTIDEUTERON 
2.124. It will be shown in Chapter 4 
that all normal matter can be regarded 
88 being made up of the three basic 
particles, negatively charged electrons, 
positively charged protons, and neu- 


trons. As seen above, the correspond- 
ing antiparticles, namely, positively 
charged positrons, negatively charged 
antiprotons, and antineutrons, are ca- 
pable of existence, although in the pres- 
ence of ordinary matter they are 
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rapidly annihilated with the liberation 
of energy. Since the concept of nega- 
tive energy states was proposed by 
Dirac around 1928 (§ 2.65), scientists 
have been intrigued by the possible 
existence of antimatler, analogous to 
ordinary matter but made up of the 
corresponding antiparticles. The first 
step in confirming this possibility was 
reported in 1965 by an international 
group of physicists, under the direc- 
tion of L. M. Lederman of Columbia 
University, working at the Brookhaven 
National Laboratory. 

2.125. At a separation distance of 
a few times 10-7? em, an ordinary pro- 
ton and neutron attract each other to 
form a stable, positively charged par- 
ticle called a deuteron (8 6.72). It has 
now been established that an anti- 
deuleron, with a negative: charge, is 
capable of existence, so that there is 
an attractive force between an anti- 
proton and an antineutron. The exper- 
imental procedure used was to allow & 
beam of protons of very high energy* 
to strike a target of beryllium. As a 
result, many secondary particles were 
generated, and those carrying either 
positive or negative charges could be 
selected by changing the direction of 
a magnetic field. Furthermore, by 
varying the strength of the field, it was 
possible to separate particles with dif- 
ferent masses. In this way, the pres- 
ence was demonstrated of negatively 
charged particles having a mass iden- 
tical, within the limits of experimental 
error, with that of normal, positively 
charged deuterons. The negative par- 
tieles were thus evidently antideu- 
terons. 

2.126. The attractive forces between 
protons and neutrons, as well as be- 
tween protons and protons and between 
neutrons and neutrons, are fundamen- 


tal to the internal structures of atoms 
(Chapter 12). The existence of an 
equivalent force between an antiproton 
and an antineutron, as evidenced by 
the formation of the antideuteron, sug- 
gests that there are also forces between 
two antiprotons and between two anti- 
neutrons. If so, other combinations of 
antiprotons and antineutrons, more 
complex than the antideuteron, anal- 
ogous to those present in ordinary 
matter, may be capable of transient 
existence. Efforts are consequently be- 
ing made to detect them. In any event, 
it is conceivable that there may be 
somewhere in nature a system of anti- 
matter, made up of antielements, con- 
sisting of antiatoms built up from 
antiprotons, antineutrons, and posi- 
trons. 

2.127. When a particle of matter 
encounters the corresponding particle 
of antimatter, the two particles are an- 
nihilated. It seems highly probable, 
therefore, that all bodies within the 
local galaxy, the Milky Way, consist 
entirely of ordinary matter. There is 
a possibility, however, that there may 
be other galaxies made up exclusively 
of ‘antimatter. Because of the great 
distances that separate galaxies, the 
chance of a collision, leading to the 
mutual annihilation of matter and 
antimatter, is very remote. It is even 
possible, as some scientists have sug- 
gested, that there is a gravitational 
repulsion between matter and anti- 
matter, in contrast to the attraction 
between forms of ordinary matter, and 
presumably of antimatter, alone. There 
is no reason for believing that antimat- 
ter in its own environment should be 
any less stable than matter is in the 
normal familiar environment. In fact, 
symmetry considerations would sug- 
gest that the formation of matter at 


* The actual energy was 30 billion electron volts (see § 3.33 for definition of the electron volt 


unit of energy). 
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one location must have been accom- 
panied by the production of an equiv- 
alent amount of antimatter elsewhere. 
Consequently, even if there are no 
antigalaxies within the familiar uni- 
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verse, there might well exist an un- 
known antiuniverse, representing the 
antimatter counterpart. of the known 
universe, 


MUONS AND MESONS 


Mu-Partictes (or Muons) 


2.128. In addition to the electrons, 
protons, and neutrons, which are 
known to play important roles in the 
internal structure of atoms, there are 
a number of other particles (and their 
corresponding antiparticles) whose sig- 
nificance is less obvious. These 
“strange” or “elementary” particles, 
are described in Chapter 20. A few will 
be mentioned briefly here, however, 
because they will be encountered from 
time to time in the ensuing discussions 
of the properties of atoms. 

2.129. During the years 1936 and 
1937, C. D. Anderson, the discoverer 
of the positron (82.67), and S. H. 
Neddermeyer and, independently, J. C. 
Street and E. C. Stevenson, in the 
United States, demonstrated the pres- 
ence in cosmie rays of charged par- 
ticles, both positive and negative, 
which were much heavier than elec- 
trons but lighter than protons.* Later 
Work, carried out largely with these 
particles produced in the laboratory 
by simulating the action of cosmic 
rays, showed that the mass is 206.8 
times that of an electron or about one 
ninth that of a proton. The particles 
were originally known as mu (or u)- 
mesons, but the term “meson” is now 
restricted to entities having certain 
fac SA Se a Roe T Pls tdeo 


characteristics not possessed by the 
so-called mu-mesons (§ 20.28). They 
are consequently now referred to as 
mu (or y)-particles or muons. Both 
positive and negative muons are singly 
charged particles, ie., they carry a 
charge, positive and negative, respec- 
tively, equal in magnitude to that of 
the electron. 

2.130. A negative muon can interact 
with a proton in an atom and, as a 
result of the neutralization of its pos- 
itive charge, the proton is converted 
into a neutron, plus energy. If such 
interaction does not occur within an 
average period of a little more than 
two millionths of a second, i.e., two 
microseconds or 2 X 10-* sec, the neg- 
ative muon breaks down spontaneously 
into an ordinary electron, together 
with two massless particles, a neutrino 
and an antineutrino (§ 8.67), and en- 
ergy. The average (or mean) lifetime, 
as it is called, within which a negative 
muon will decay if it is not captured 
by a proton, is 2.2 X; 10-* sec. Positive 
muons do not generally interact with 
matter, but they decay, after the same 
mean lifetime as the negative muons, 
to yield a positron and energy, in addi- 
tion to a neutrino and an antineu- 
trino. The muon decay process may 
thus be represented by the following 
general scheme: 


ut (or u^) — et (or e~) + neutrino + antineutrino + (energy), 
* It will be recalled, from § 2.64, that the mass of the proton is 1836 times as great as that 


of an electron, 


7 It will be seen in Chapter 3 that the amount of ener released corresponds to the dif- 
ol 


ference between the mass of the original particle and that 


down (or decays). 


the products into which it breaks 
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where y represents a muon and e an 
electron. It is of interest to mention 
that the negative muon, like the nega- 
tive electron, is a form of ordinary 
matter whereas the positive muon is 
the corresponding particle of anti- 
matter, 


Pi-Mrsons (or Pions) 


2.131. Another type of particle of 
intermediate mass, between the elec- 
tron and the proton, was identified in 
1947 in cosmic rays by C. F. Powell 
and G. P. S. Occhialini and their collab- 
orators in England. These particles, 
called pi (or z)-mesons or pions, have 
also been produced in the laboratory. 
They exist in three forms; one carries 
a single positive charge, another has 
a single negative charge, whereas the 
third is electrically neutral. The masses 
of the positive and negative pions are 
the same, 273.2 times the mass of the 
electron; the neutral pion is somewhat 
lighter at 264.3 electron masses. The 
negative pi-meson interacts even more 
readily than the negative muon with 
an ordinary proton to form a neutron, 
plus either energy or a neutral pion; 
the interaction may be represented by 


m+tponty or ncm, 


where z- represents a negative, and 
7^ a neutral pi-meson, p is a proton, 
n a neutron, and y (for gamma radia- 
tion) implies the liberation of energy. 

2.132. If they are not captured, as 
is rarely the case, negative pions, as 
well as positive pions, change into a 
muon of the same sign plus either a 
neutrino or an antineutrino and en- 
ergy; thus, 


time of the positive and negative pions 
is about 2.6 X 10-3 sec, which is less 
than that of the muon by a factor of 
almost 100. The positive pi-meson ap- 
pears to be the normal particle and 
the negative pi-meson is its correspond- 
ing antiparticle. 

2.133. Because they have such a 
very short life, neutral pions are not 
often observed in cosmic rays, although 
they are undoubtedly present. The 
first neutral pi-mesons were detected 
in the laboratory (8 20.13) by allowing 
protons of high energy, somewhat sim- 
ilar to those present in cosmic rays, to 
bombard a target of beryllium, carbon, 
or other element. The neutral pion 
has an extremely short mean life of 
about 10-!* sec. Since there are no 
neutral muons, the neutral pi-meson 
cannot decay in a manner analogous 
to that of the charged pions. What 
happens is that, very soon after it is 
created, a neutral pion decays sponta- 
neously; all its mass is converted into 
energy, which appears in the form of 
radiation similar to gamma rays. There 
are theoretical arguments indicating 
that the neutral pi-meson is its own 
antiparticle; in other words, in this 
case the particle and antiparticle are 
identical. Hence, it is reasonably cer- 
tain that only three pions exist, namely, 
positive, negative, and neutral. 


K-MzsoNs (or Kaons) 


2.134. Among the several types of 
unstable particles that are now known, 
only one more need be mentioned here. 
A particle with mass about midway. 
between the electron and the proton 


m+ — pt + neutrino (+ energy) 
77 — u^ + antineutrino (+ energy). 


The muon then decays in the manner 
indicated ia $ 2.130. The mean life- 


is the K-meson or kaon which exists in 
two electrically charged forms, pos- 
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itive and negative, and two neutral | different ways, the products being pi- 
forms. The charged K-mesons have | ons or muons (or both), sometimes 
the same mass, namely, 966.6 electron | together with an electron of the appro- 
masses, and the same average lifetime, | priate sign and a neutrino (or anti- 
1.2 X 10-8 sec, i.e, a little more than | neutrino). Like negative muons and 
a hundred-millionth of a second. Each | pions, negative K-mesons can interact 
type of charged kaon can decay in six | readily with the protons in atoms. 
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Energy and Radtation 


Chapter 3 


THE NATURE OF ENERGY 


Forms or ENERGY 


3.1. Although the study of energy* 
is one of the most important aspects 
of physical science, it is difficult to 
supply a precise definition in simple 
language. Broadly, it may be stated 
that energy is work, or anything that 
can be converted into work. But this 
statement, obviously, has no meaning 
without an explanation of the signifi- 
cance of work. For the present purpose 
it is sufficient to say that work is done 
whenever there is a movement of a 
body or particle against a resisting 
force. In general, therefore, energy has 
the capacity of causing the motion of 
a body in spite of the operation of a 
force resisting the motion. The expend- 
iture of energy in this manner may 
result in its conversion into heat, as, 
for example, when two bodies are 
moved relative to each other against 
the force of friction. 

3.2, Energy can take many forms, 
several of which are easily converted 
into one another, and all of which can 
be used, at least in principle, to per- 
form some kind of work. This work is 
not necessarily obtained in a useful 
form, but the definition is satisfied in 
the respect that there is motion against 
a force. Coal or oil, together with oxy- 


* From the Greek, en (in) and ergon (work). 
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gen from the air, contains energy 
which appears as heat when the fuel 
is burned in a boiler. The heat energy 
may then be used to raise the temper- 
ature of water to produce steam, the 
molecules of the latter, possessing more 
energy than the molecules of cold 
water. Then the energy of the steam 
can be converted into mechanical en- 
ergy, as in a steam engine or turbine, 
which may be used to drive a ship or 
a train against the resisting force of 
friction due to the water or to the rails 
and air, as the case may be. Alterna- 
tively, the mechanical energy can be 
changed into electrical energy in a dy- 
namo, and back again into mechanical 
energy in an electric motor. 

3.3. Atomic energy is a form of en- 
ergy that is not essentially different 
from the forms described above. When 
an oil, which is a hydrocarbon or com- 
pound of hydrogen and carbon, burns 
in the oxygen of the air, there is a lib- 
eration of energy due to a chemical 
reaction resulting in the formation of 
water and carbon dioxide. In other 
words, energy is produced as a conse- 
quence of a rearrangement of the atoms 
of hydrogen, carbon, and oxygen tak- 
ing part in the reaction. Atomic energy, 
on the other hand, results from re- 
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arrangements within the interior of the 
atom itself. Once the release of the 

_ atomic energy is achieved in a suitable 
manner, it can be used for performing 
work. 

3.4, Whenever a large amount of en- 
ergy is liberated in a limited space 
within a very short interval of time, 
the result is an explosion. The opera- 
tion of an internal combustion engine, 
e.g., of an automobile, depends on the 
explosions occurring in the cylinder 
when a spark is passed through a mix- 
ture of gasoline (hydrocarbon) vapor 
and atmospheric oxygen. However, if 
gasoline is burned in the open air, the 
energy is released more slowly and is 
not confined; there is then no explo- 
sion. The heat of the flame could be 
used to produce steam and this could 
be made to run a steam engine. In a 
general way, the same is true of atomic 
energy. The very sudden release of a 
tremendous amount of energy, in the 
so-called atomic bomb, leads to a pow- 
erful and devastating explosion. But 
it is possible to liberate the energy 
gradually so that it may be employed 
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to do useful work. The way in which 
this application of atomic energy can 
be achieved will be considered in 
Chapter 14. 

3.5. Every form of energy can be 
regarded as kinetic energy, or potential 
energy, or both. The kinetic energy of 
a body or particle is energy of motion, 
whereas potential energy is that of 
position, relative to other bodies, or 
condition. Potential energy can usually 
be readily converted into kinetic en- 
ergy. For example, the water at rest 
behind a dam has potential energy but 
if it overflows, its potential energy is 
converted into kinetic energy of mo- 
tion. Ordinary fuels and certain atoms 
possess potential energy which can be 
changed into kinetic energy by suit- 
able means, The kinetic energy of a 
body is determined by its mass m and 
its velocity of motion v, the actual 
value being }4mv*.* When the tem- 
perature of a substance is raised by 
supplying heat, the molecules move 
more rapidly and hence their kinetic 
energy increases. 


THE NATURE OF RADIATION 


Rapiant ENERGY 


3.6. Radiant energy, or radiation, is 
of great importance in various atomic 
studies, and hence the subject merits 
fairly detailed consideration. It is the 
form in which energy can be trans- 
ferred from one point to another 
through empty space. Two very famil- 
iar, but apparently different, kinds of 
radiation are light and radio waves. 
The sun's energy, which incidentally 
is a type of atomic energy ($ 14.105), 
is conveyed to the earth partly in the 
form of light, ie., visible radiation. 


When it reaches the earth's surface, 
the energy of the sunlight is either ab- 
sorbed by green plants and stored as 
chemical (potential) energy, mainly in 
carbohydrates such as sugars and 
starches, or it is converted into heat 
which warms the atmosphere (kinetic 
energy). In a somewhat related man- 
ner, small amounts of energy are trans- 
ferred from a radio transmitter to a 
distant receiver in the form of radia- 
tion. This radiation, however, is not 
visible, that is to say, it does not affect 
the eye in the same manner as does 


This expression is strictly applicable when v is less than about a tenth of the velocity of 


* 
light (see $ 9.1 footnote). 
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light. Other forms of invisible radia- 
tions are ultraviolet light, X-rays, and 
gamma rays.* 

3.7. Since all kinds of radiation are 
fundamentally the same, it will be 
convenient to discuss first what is per- 
haps the most familiar form, namely, 
light. The concept that light consists 
of particles projected from luminous 
bodies into the eye of the observer was 
proposed by the philosophical school 
of Pythagoras, around 500 s.c. This 
idea was revived during the 17th cen- 
tury by the English mathematician 
Isaac Newton. He considered the sim- 
plest way to explain the fact that light 
travels in straight lines and casts sharp 
shadows was to suppose it to be made 
up of small particles or corpuscles. An 
alternative theory, that light is a form 
of undulation or wave motion, was 
proposed in à vague form by Robert 
Hooke in England, and its con- 
sequences were worked out in some 
detail, about 1680, by Christian Huy- 
gens, the noted Dutch authority on 
optics. Newton realized that certain 
optical phenomena could not be ex- 
plained by the corpuscular theory 
alone, and he suggested that the par- 
ticles might be accompanied by waves. T 
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3.8. Newton’s followers disregarded 
his views on the possible wave aspects 
of light and emphasized the corpuscular 
point of view, and for over a hundred 
years this theory was widely accepted. 
But in the early 1800s, Thomas Young, 
in England, and Augustin Jean Fresnel, 
in France, revived the wave theory 
and showed how objections to it could 
be overcome. The sharpness of shad- 
ows, for example, could be accounted 


* Alpha and beta rays are also sometimes referred to as “radiations”; they 
not radiations in the sense of radiant energy i red her 
in his Opticks, published in 1704, bear a striking similarity 


1 Newton's ideas, as exp 


for by the extreme smallness of the ' 
light waves, so that the ability to turn 
corners, normally possessed by waves, 
was undetectable in the ordinary way. 
Nevertheless, careful study of the be- 
havior of light as it passes by the sharp 
edge of an opaque body or through a 
very narrow slit, shows that it is actu- 
ally bent and spread out from its linear 
path, as is to be expected for a wave 
motion. This is an aspect of the phe- 
nomenon known as diffraction of light 
(cf. $ 2.93). 

3.9. The facts of optical interference 
also appear to require the existence of 
light waves to provide an adequate 
explanation. If homogeneous light from 
a given source passes through a num- 
ber of narrow slits very close together, 
and the emergent rays are allowed to 
fall on a screen, the result will not be 
an equal number of thin strips of light, 
as might have been expected, but & 
series of light and dark bands. This is 
referred to as an interference pattern, 
or diffraction pattern. 

3.10. The explanation based on the 
wave theory is that the light is dif- 
fracted, that is to say, it is bent out of 
its path, and spread out somewhat, in 
passing through the small slits. If, at 
a certain point in the screen, two rays 
of light coming from the slits are in 
phase, i:e., if the crests of one set of 
waves coincide exactly with the crests 
in the other set, the two rays will rein- 
force each other giving a strip of in- 
creased brightness. At an adjacent 
point, hówever, the two rays will be 
out of phase, the crests in one ray co- 
inciding with the troughs in the other; 
the two rays will thus tend to annul or 
interfere with one another, so that 
there is a strip of virtual darkness 


however, 


or electromagnetic radiation considered here. 


in 
to modern concepts concerning the nature of light (see § 3.38). ‘ 


oe 
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(Fig. 3.1). The same general behavior 
should occur at a series of points, thus 
giving rise to a pattern of successive 
light and dark bands, as actually ob- 


[sur 


Fic. 3.1. Representation. of a diffraction 
grating with light Waves passing through 
sli 


served. Whereas a satisfactory inter- 
pretation of interference effects is pos- 
sible in terms of the wave concept, the 
corpuscular theory fails to offer any 
reasonable alternative. It should be 
noted that, in order to obtain satisfac- 
tory interference effects, the slits should 
be narrow and their distance apart 
must be of the same order as the wave 
length of light, i.e., about 5 X 10-5 cm 
for visible light, (8 3.16). An arrange- 
ment of this kind for producing a dif- 
fraction pattern is known as a diffrac- 
tion grating, because its structure is 
similar to that of a grating, but on a 
very small scale. T 
3.11. By about the middle of the 
19th century, moderately accurate 
measurements of the velocity (or 
speed) with which light travels from 
one point to another had been made, 
chiefly by A. H. L. Fizeau and by 
J. B. L. Foucault in France. This work 
provided a crucial test of the two rival 
theories concerning the nature of light. 
According to the wave concept, the 
speed should be greater in air than in 
2 more dense medium like water, but 
the corpuscular theory required the 
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reverse to be the case. The results 
showed that the former was actually 
true, thereby providing further sup- 
port for the wave theory of light. 


Tue Nature or Wave MorioN 


3.12. At this point an attempt must 
be made to consider the character of 
wave motion in general, and of the 
particular type that is involved in 
light. If a small stone is dropped ver- 
tically in the center of a pool of water, 
a series of ripples or waves will be seen 
tQ move outward in concentric circles. 
However, a cork floating on the sur- 
face of the water will not move out 
with the waves, but will merely bob 
up and down as each wave crest and 
trough, respectively, passes it by. It is 
tlear, therefore, that although the 
water acts as a medium in which the 
waves can move away from the center 
of disturbance, the water itself does 
not travel in the direction of propaga- 
tion of the waves, but only at right 
angles to it. A wave motion of this 
kind is said to be transverse, since the 
direction of motion of the medium is 
transverse to, or across, that in which 
the waves are being propagated (Fig. 
3.2). Various studies show that light 


iomon for MEDIUM 


i 


Fie. 3.2, Transverse wave motion: the 
motion of the medium is at right angles to 
the direction of propagation of the wave. 


has the character of such a transverse 
wave motion, although there is no ac- 
tual up and down movement of the 
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medium, e.g., air or water, through 
which the light travels.* 

3.13. A wave motion consists of a 
series of crests and troughs, as seen in 
Fig. 3.3; the distance between any two 


kna 


kerra a 
Fic. 3.3. Wave motion and wave length. 


successive crests (or successive troughs) 
is known as the wave length, and is 
usually represented by the Greek letter 
lambda, X. In general, à is the linear 
distance from any position on one wave 
to the corresponding position on the 
next wave. Suppose the wave motion 
is propagated with a velocity c ex- 
pressed, for example, in centimeters per 
second, and that the wave length A is 
given in centimeters. The number of 
waves passing a certain point in the 
medium in the course of 1 second will 
then be equal to c/A. This quantity is 
called the frequency of the wave mo- 
tion and is represented by the symbol 
p (Greek, nu); hence it is possible to 
write the important equation 


e 
À 
giving the relationship among the wave 
length ^, the frequency », and c, the 


speed (or velocity) of propagation of 
any wave motion, including light. 


»2$ o A2$5 (3.1) 
v 
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3.14. As implied earlier, the speed 
of light, as with other wave motion, 
depends on the medium through which 
it passes. The value usually recorded 
for light is that for empty space, i.e., 
for a perfect vacuum. Measurements 
are often made in air and then a small 
correction is applied. In view of the 
tremendously high velocity with which 
light is propagated, about 186,270 miles 
per second, the measurement of the 
speed of light is difficult. Nevertheless, 
several highly accurate procedures 
have been developed for the purpose, 
so that the value is now known with a 
considerable degree of precision. This 
is indeed fortunate as the speed of 
light in empty space is one of the fun- 
damental constants of nature. For sci- 
entific work it is usual to state the 
speed in centimeters (or meters) per 
second, and this is 2.99792 X 1079 cm 
(2.99792 X 10* meters) per sec. The 
value may be rounded off to 2.998 (or 
even to 3.00 where three significant 
figures are adequate) X 10!" em per 
sec.{ 

3.15. In the foregoing discussion the 
term “light” has been used in a gen- 
eral sense without specifying any par- 
ticular color. The reason is that exper- 
iment has shown that all forms of light 
travel in empty space with exactly the 
same speed. In this connection, there- 
fore, the color of the light is immate- 
rial. What, then, is responsible for the 
different possible colors which light 
manifests? Variations of color are now 
known to be due to differences in the 


. *It may be remarked that sound is also propagated as waves, but these are tudinal 
in nature, since the medium, e.g., the air, moves to and fro parallel to the direction in which 
the wave is traveling. 

. tA quantity, known as the wave number, which is equal to the reciprocal of the wave length, 
i.e., 1/A, is commonly used in spectroscopic work. The wave number is the number of waves 
in D Cenineter length, and is equal to the frequency of the waves divided by the velocity of 


1 The factor 3 X 10" referred to in the first footnote in $ 2.43 for the conversion of electro- 
static to electromagnetic units of charge is the velocity of light. 
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wave length of the light. Since the 
speed of propagation is always the 
same, it may equally well be stated 
that color differentiation is attributed 
to frequency differences. 


Conon AND Wave LENGTH 


3.16. As Newton first showed, white 
light is actually a mixture of all the 
visible colors, i.e., all the colors to 
which the normal eye is sensitive; they 
are essentially red, orange, yellow, 
green, blue, and violet—the colors of 
the rainbow. Of this series, red has the 
longest and violet the shortest wave 
length, the values being approximately 
7.60 X 1075 em and 3.85 X 10-5 cm, 
respectively. The wave lengths of the 
other colors occupy intermediate posi- 
tions in the order given. Quite fre- 
quently, wave lengths of light are 
quoted in terms of the angstrom unit 
(A), which, as stated in § 1.68, is equal 
to 107* cm; the wave lengths of visible 
light fall within the range of 7600 to 
3850 A. 

3.17. It was seen in Chapter 1 that 
atomic diameters are usually around 
2 X 107* em, that is, about 2 A; con- 
sequently, the wave lengths of visible 
light waves, although quite short from 
the ordinary standpoint, are still two 
or three thousand times the diameter 
of an average atom. The smallest par- 
tiele that can possibly be seen in an 
ordinary optical microscope must have 
dimensions of the same order as the 
wave length of the light used. It is 
evident therefore that an atom or mol- 
ecule is too small to be seen in such a 
microscope. A cube consisting of two 
or three thousand atoms in each of 
three directions, and thus containing 
a total of several billion atoms, would 
be just visible. 
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3.18. It is well known that photo- 
graphic plates or films are sensitive to 
light, but all colors do not affect them 
equally. Most ordinary film is hardly 
affected by red light, so that a ruby 
lamp is often used in the so-called 
“dark room." By adding certain chem- 
ical substances to the photographic 
emulsion, the film can be rendered 
sensitive to red light, and even to radi- 
ations of longer wave length which are 
invisible to the eye. These are the 
infrared rays emitted to a greater or 
lesser extent by most substances under 
normal conditions. A hot body emits 
more infrared radiation than does a 
cold one. It is the presence of these 
infrared rays, in conjunction with spe- 
cially prepared film, that makes it 
possible to obtain photographs through 
fog or even in the dark. It is not in- 
tended to consider this subject further 
here, except to emphasize the fact that 
radiations exist which are completely 
invisible to the human eye. There is 
no essential difference between infra- 
red rays and visible light, except that 
the former have wave lengths greater 
than 7600 A, the normal upper limit of 
visibility, 

3.19, The lower limit of visibility is 
represented by violet light, with a 
wave length of about 3850 A. Never- 
theless, the existence of radiations of 
shorter wave length can be readily 
proved; these are the ultraviolet rays 
present in summer sunlight, especially 
in the upper atmosphere, and also in 
many electric discharges such as arcs 
and sparks. Ordinary photographic 
film is extremely sensitive to ultra- 
violet radiation, although this radia- 
tion is quite invisible to the human eye. 
By means of special instruments the 
wave lengths of ultraviolet rays have 
been measured down to about 100 A.* 


* Radiations with wave lengths less than about 100 A are generally categorized as X-rays 


(cf. § 3.25 and Fig. 3.4). 
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ELECTROMAGNETIC WAVES 


3.20. At this point it may well be 
asked: If there are radiations having 
wave lengths both longer and shorter 
than visible light, may there not be 
rays that are still longer and shorter, 
respectively, than those in the infrared 
and ultraviolet regions? The answer to 
this question is that such radiations 
are known. They include the great 
range of microwaves and radio waves, 
from radar to long-wave radio, at the 
one extreme, and gamma rays and 
X-rays, at the other extreme. These 
radiations are fundamentally the same; 
they all travel with the same speed— 
the speed of light—and differ only in 
the'length of their waves, covering the 
enormous range from about 107! cm 
for gamma rays of shortest wave 
length to 108 cm for the longest known 
radio waves. 

3.21. In the early years of the 
19th century, M. Faraday ($2.7), 
following up the earlier investigations 
of H. C. Oersted in Denmark. and of 
A. M. Ampère in France, showed by 
means of his classical experiments on 
electromagnetic induction that electric 
and magnetic effects are intimately 
related. An electric charge in mótion, 
ie., an electric current, produces a 
magnetic field in its vicinity. Similarly, 
a changing magnetic field can produce 
an electric current in a suitable conduc- 
tor. The electrical and magnetic effects, 
as Faraday showed, can be trans- 
mitted through space, without actual 
material contact being necessary. 

3.22. In 1864, J. C. Maxwell (§ 2.25) 
applied mathematical methods to the 
foregoing ideas and came to a remark- 
able conclusion concerning the nature 
of light. He showed that certain elec- 
trical disturbances should be accom- 
panied by the emission of electric 
waves. In other words, an electric field 
whose intensity varies periodically, as 
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in wave motion, should be propagated 
outward from the point of origin of 
the disturbance. 'The behavior is some- 
what analogous to that observed when 
a stone is dropped into a pool of water, 
as described in § 3.12. The so-called 
electric waves, however, do not require 
a material medium, like water or air, 
for their propagation. 

3.23. Because of the interrelation- 
ship of electric and magnetic effects, 
the varying electric feld will be ac- 
companied by a magnetic wave whose 
period or wave length is identical with 
that of the electric wave. The direc- 
tion of the oscillations associated with 
the respective waves (see Fig. 3.2) are 
at right angles to each other and both 
are perpendicular to the direction of 
propagation of the wave motion. The 
electromagnetic wave, as the combina- 
tion is called, has thus the character 
of a transverse wave motion (§ 3.12). 
Making use of theoretical considera- 
tions and experimental data, Maxwell 
calculated the velocity of propagation 
of electromagnetic waves and found it 
to be essentially identical with the 
known velocity of light. He inferred, 
therefore, that light is itself an elec- 
tromagnetic wave phenomenon. 

3.24. Although no electromagnetic 
radiations, other than visible light and 
the,nearby ultraviolet and infrared 
regions, were known to Maxwell, he 
realized that such radiations, with both 
shorter and longer wave lengths but 
traveling with the same speed, might 
be discovered. This expectation was 
confirmed by Heinrich Hertz in Ger- 
many in 1887, eight years after Max- 
well's death. By means of an oscillatory 
electrical discharge, obtained with the : 
aid of an induction coil, Hertz pro- 
duced electromagnetic waves which 
were invisible but which, nevertheless, 
had many of the properties of light. 
Their speed of propagation through 
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space was, as Maxwell had foretold, 
the same as the velocity of light, but 
their wave lengths were considerably 
greater, being measured in meters 
whereas those of visible light are very 
small fractions of a millimeter. The 
electromagnetic radiations discovered 
by Hertz were called Hertzian waves, 
but they are now more generally 
known as radio waves. At the present 
time waves of this type are produced 
by oscillations obtained by suitable 
electronic circuits. In this way, the 
radiations have a specific wave length, 
rather than the range of wave lengths 


given by an induction-coil oscillator. 


3.25. After the brilliant vindication 
of Maxwell’s ideas by the discovery of 
Hertzian waves, the value of the clec- 
tromagnetic theory of radiation was 
widely appreciated. As stated earlier, 
a whole range of such radiations is now 
known, from gamma rays to very long 
radio waves; the wave length and fre- 
quency regions occupied by the various 
kinds of radiation are indicated ap- 
proximately in Fig. 3.4.* It should be 
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Similarly, the long wave length end of 
the infrared is indistinguishable from 
the shortest microwaves. 

3.26. In addition to having the same 
velocity as light, electromagnetic radi- 
ations have other properties in com- 
mon. For example, they undergo re- 
flection, and also exhibit diffraction 
and interference effects which are re- 
garded as characteristic wave proper- 
ties. As seen in Chapter 2, the elec- 
tromagnetic wave nature of X-rays 
and of gamma rays was not definitely 
established until it was shown that 
they could be made to undergo diffrac- 
tion and yield definite interference 
patterns. 


THE Quantum THEORY 
or RADIATION 


3.27. Maxwell’s concept of the re- 
lationship between electromagnetic 
waves and radiation appeared to be in 
harmony with the wave theory of light 
as described in § 3.23. But this appar- 
ently satisfactory state of affairs was 
to receive a staggering and unexpected 
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understood that there is actually no 
line of demarcation, but rather a grad- 
ual transition from one type to an- 
other. For example, as the ultraviolet 
rays get shorter and shorter, they 
merge without a break into the wave 
length region of the longest X-rays. 


blow in the early years of the present 
century. A black surface is known to 
be more efficient than any other color 
in absorbing radiations, and the the- 
oretical concept of an ideal black body 
has been developed to represent a per- 
fect absorber and emitter of radiation. 


* The frequency in cycles per sec is equal to the velocity of light in cm per sec, i.e., 3 X 10", 
divided by the wave length in cm [ef. equation (3.1)]. 


Energy and Radiation 75 


Although no such black body can be 
realized in practice, an adequate ap- 
proximation is possible which ean be 
used for experimental studies. One 
type of measurement made with the 
black body was to determine the 
amounts of energy radiated at various 
wave lengths and at various tempera- 
tures. It was found that, at a given 
temperature, the energy emission is 
not the same for all wave lengths, but 
has a maximum value at a particular 
wave length which is inversely propor- 
tional to the absolute temperature 
(Wien’s law).* Further, the total en- 
ergy emitted per unit time by the black 
body varies as the fourth power of the 
absolute temperature (Stefan-Boltz- 
mann law). 

3.28. Attempts to account for the 
preceding facts relating to black-body 
radiation were made by W. Wien in 
Germany in 1896, and by Lord Ray- 
leigh (3rd Baron) in England in 1900, 
but the equation derived by the former 
was found to hold only at low tem- 
peratures or for short wave lengths, 
whereas that of the latter was appli- 
cable only at high temperatures or for 
long wave lengths. The dilemma was 
resolved in 1900, in a completely rev- 
olutionary manner, by the German 
physicist Max Planck. Both Wien and 
Rayleigh thought of the black body 
as consisting of a system of vibrators 
oscillating at a particular frequency 
corresponding to the frequency of the 
absorbed or emitted radiation. The 
radiation, which was regarded as wave- 
like in nature, was considered to be 
absorbed or emitted in a continuous 
manner. 


3.29. While retaining the general 
concept of oscillators, Planck dis- 
carded the idea that energy is absorbed 
or emitted continuously. He suggested 
that a body absorbs or emits energy 
in the form of radiation in integral 
multiples of a definite amount or guan- 
tum,} the magnitude of which depends 
on the vibrational frequency of the 
oscillator. In other words, the energy 
of a body is not continuously variable, 
but must consist of a specific whole 
number of quanta; the energy can be 
taken up or given out in such quanta 
only. A body can thus emit or absorb 
one, two, three, four, etc., quanta of 
energy, but no intermediate or frac- 
tional amounts. This statement forms 
the basis of the quantum theory of radi- 
ation, a theory which has found appli- 
cation in many areas of science. 

3.30. According to Planck, the quan- 
tum E of energy for radiation of fre- 
quency vt is given by the simple, but 
fundamental, expression 


E = Ww, (3.2) 


where h is a universal constant, usually 
known as the Planck constant. The en- 
ergy quantum for a particular radia- 
tion is thus directly proportional to its 
frequency. By equation (3.1), the fre- 
quency varies inversely as the wave 
length; hence, the magnitude of the 
energy quantum is inversely propor- 
tional to the wave length of the radia- 
tion. The quantum for gamma rays, 
for example, is consequently relatively 
large, whereas for radio waves it is very 
considerably smaller. The exact rela- 
tionship between the energy quantum 
and the wave length of the radiation 


*The so-called absolute (or Kelvin) temperature, written as °K, is obtained by adding 
273.15° to the bec (or Celsius) temperature, i.e., °K = °C + 273.15. 


1 Planck origin: 


y referred to these definite quantities of energy as “energy elements.” 


The term “energy quantum" was introduced later, probably by A. Einstein in 1905 (see 


ae his original treatment, Planck defined » as the frequency of the oscillator which ab- 
80 or emitted radiation of this same frequency. 


$3.35). 
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may be obtained by combining equa- 
tions (3.1) and (3.2) to give 
he 
E x^ (3.3) 
where c is the velocity of light. 

3.31. By making use of equation 
(3.2), and the postulate that oscillators 
take up or give out energy in terms of 
whole numbers of quanta, Planck was 
able to derive an expression for the 
variation with the wave length of the 
energy radiated by a black body that 
was in complete agreement with ex- 
periment at all reasonable tempera- 
tures and wave lengths. Further, for 
radiations of long wave length or for 
high temperatures, Planck's equation 
reduces to that of Lord Rayleigh, 
whereas for short wave length or for 
low temperatures it becomes identical 
with the one proposed by Wien. Thus, 
the quantum theory was shown to be 
superior to the previous attempts at 
treating the absorption and emission 
of radiation; this was to prove to be 
the first of its many achievements. 

3.32. The magnitude of the Planck 
constant h, which is one of the funda- 
mental constants of nature, has been 
determined in several ways. If the 
measurements are expressed in terms 
of the centimeter-gram-second, or cgs, 
system, where distance is measured in 
centimeters, mass in grams, and time 
in seconds, the energy unit is the erg.* 
The experimental value of h is then 
6.626 X 10-*' erg sec, with the fre- 
quency » in vibrations per sec, or the 
wave length X in cm. Thus, by equa- 
tion (3.2), 

E (ergs) i 


= 6.626 X 10-?'» (per sec), (3.4) 
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and by equation (3.3), taking c, the 
velocity of light, as 2.998 X 10!" cm 
per sec, 


E (ergs) ^ 
_ 6.626 X 107 X 2.998 X 10!" 
A (em) 
_ 1.986 X 10-8 


AE on (3.5) 


For a gamma ray, for example, with a 
wave length of 107!^ em, the quan- 
tum is 1.986 X 10~ erg. 

3.33. In atomic studies it has be- 
come the practice to express energies 
in electron volt units, abbreviated to 
eV, rather than in ergs. The electron 
volt is the energy acquired by any 
charged particle carrying a unit (elec- 
tronic) charge when it falls through a 
potential of 1 volt; it is equivalent to 
1.602 X 10-'? erg. For convenience, 
two other energy units are used; one, 
equal to a thousand electron volts, 
called the kilo-electron volt, is rep- 
resented by keV, and the other, which 
is a million electron volts, is abbre- 
viated to MeV. These are 1.602 X 107° 
and 1.602 X 10-9 erg, respectively. 
Hence, equation (3.5) may be written 
as 


1.986 X 10-18 
1.602 X 10-* X (em) 


.. 1.289 X 1071" 
^ (em) 


which is a general expression relating 
the energy quantum (in MeV) to the 
wave length (in em) of the correspond- 
ing radiation. Thus, for a gamma ray 
having a wave length of 10-1 cm, as in 


E (MeV) = 


(3.6) 


* An erg is the work done when a force of 1 dyne acts through a distance of 1 cm. The 
dyne is the force which acting on a mass of 1 gram gives it an acceleration of 1 cm per sec 


per sec, 
T Although the International (MKS) System of Units, based on the meter, kilogram, and 


second, is widely used 


in some branches of physics and engineering, the cgs system is still 


commonly employed in connection with many of the topics treated in this 
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the example given above, the quantum 
would be 1.239 MeV. It will be seen 
in due course that gamma-ray energy 
quanta are very frequently in the 
vicinity of a million electron volts, so 
that the MeV is a convenient unit for 
stating these (and related) energies. 


THE PHOTON 


3.34. It should be made clear that 
Planck’s theory referred to the taking 
up (absorption) or giving out (emis- 
sion) of radiation, It was only these 
particular processes which were con- 
sidered to take place in terms of an 
integral number of energy quanta. The 
propagation of the radiation through 
space was still regarded as a wave 
motion, as described earlier. However, 
this point of view began to encounter 
some difficulties. It was mentioned in 
§ 2.89 that X-rays are able to cause 
ionization of a gas through which they 
pass; in other words, the X-rays eject 
electrons from the atoms or molecules 
of the gas. But the number of ions 
formed is not large, considering the 
energy of the radiation. If the X-rays 
are waves spreading in all directions, 
it might be anticipated that electrons 
would be removed from all (or most) 
molecules or atoms over which the rays 
pass, instead of from a select few. 
This discrepancy was difficult to ex- 
plain. Further, in 1902, P. Lenard 
(§ 2.88) had found, when studying the 
emission of electrons from metals by 
the photoelectric effect (§ 2.48), that 
the energy of the electrons is inde- 
pendent of the intensity of the radia- 
tion employed to produce them. An 


* From the Greek photos, meaning light. The term ved 
around 1928, was introduced by A. H. Compton ($3. 
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attempt to explain these observations 
was made by J. J. Thomson by means 
of a modified form of the wave theory, 
but this proved to be not too satisfac- 
tory. 
3.35. A solution of the problem was 
found in 1905 by Albert Einstein 
(§ 3.65), whose development of the 
theory of relativity was later to pro- 
vide the basic atomic energy equation 
(§ 3.72). He suggested that not merely 
is radiation absorbed and emitted in 
whole numbers of energy quanta, as 
Planck had proposed, but also that it 
is actually propagated through space 
in definite quanta or photons,* moving 
with the speed of light. This surprising 
view, which apparently discarded the 
wave theory of light in favor of some- 
thing very much akin to a particle con- 
cept, supplied a complete interpretation 
of the known photoelectric phenomena. 
The equations derived by Einstein 
proved to be correct in all details, so 
that the idea of radiation being trans- 
mitted through space in the form of 
individual photons—not unlike the 
Newtonian corpuscles—received such 
strong suppo-t that its validity could 
not be doubted. 

3.36. One of the most significant 
arguments for the photon (or particle) 
nature of radiation is provided by the 
discovery of what is known as the 
Compton effect, made by the American 
physicist A. H. Compton in 1923. He 
found that when X-rays fall on car- 
bon, or other material of low atomic 
weight, the scattered radiation con- 
tains some rays of longer wave length 
than the incident X-rays. Since the 


which came into general use 
), following its earlier employment 


E a somewhat different, but related, connection by the noted American physical chemist, 


. N. Lewis. 
. Although the photon is frequently regarded as synonymous with the energy quantum, it 
is, strictly, the quantity or quantum of radiation associated with a single quantum of 


It might, in fact, be d 


as an “atom” or “ 


particle" of radiation. By equation (3.2, a 


photon of radiation of frequency » carries an amount (or quantum) hy of energy. 
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scattering is actually produced by the 
electrons present in the carbon atoms, 
it appears that interaction between 
X-rays and electrons results in an in- 
crease in the wave length of the 
former. By assuming the X-rays to 
consist of particles of energy hv, where 
v is the frequency of the incident rays, 
and supposing that the encounter be- 
tween one of these particles and an 
electron is just like a collision between 
two rigid spheres, Compton deduced 
equations which account perfectly 
both for the increase in wave length 
of the scattered X-rays, and for the 
simultaneous recoil of the struck elec- 
tron (Fig. 3.5). 

3.37. Ionization by X-rays appar- 


WAVES AND 
WavE-PaARTICLE DUALITY 


3.38. The situation now reached ap- 
pears to be contradictory: having first 
established, fairly convincingly, that 
radiations consist of electromagnetic 
waves, it has now been shown, equally 
convincingly, that radiations are emit- 
ted, transmitted through space, and 
absorbed as energy particles! A more 
careful examination of the state of 
affairs will show, however, that there 
is a possible way out of the apparent 
paradox, The diffraction and interfer- 
ence properties of radiation necessitate 
a wave structure, but photoelectric 
phenomena and the Compton effect 
imply that radiation consists of parti- 
cles rather than waves. In other words, 
radiation may be regarded as exhibiting 
a dual wave-particle behavior; some of 
the properties of radiation may be 
wave properties, whereas others are 
particle properties. 

3.39. This dualism of the wave and 
particle functions of radiation led 
Louis de Broglie of France to suggest, 
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Fic. 3.5. The Compton effect accompany- 
ing the interaction of an X-ray photon with 
an electron. 


ently requires a direct encounter be- 
tween an X-ray photon and an elec- 
tron present in the atom or molecule 
to be ionized. Since such encounters 
are not too common, it is possible to 
understand why the extent of ioniza- 
tion produced by X-rays is less than 
would be éxpected from a wave motion 
spreading in all directions. 


PARTICLES 


in 1923, that a similar dualism might 
exist for material particles and elec- 
trons. His proposal was, essentially, 
that the wave-particle dualism repre- 
sented something that is perhaps fun- 
damental to the nature of the universe. 
By means of Planck’s quantum theory 
equation and the mass-energy rela- 
tionship of Einstein, to be considered 
shortly (§ 3.72), de Broglie showed 
that a particle of mass m moving with 
a velocity v should be associated with 
waves of length A, given by 
— (3.7) 
where h is the Planck constant. Simi- 
larly, radiation of wave length A will 
be equivalent to a particle of mass 
h/dv, moving with speed v, where in 
this case v is the velocity of light. 
3.40. It can be seen from equation 
(3.7) that the wave length is inversely 
related to the product of the mass and 
velocity of the particle; this product, 
i.e., mv, is known as the momentum of 
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the particle.* Calculations show that, 
unless the mass m is very small, such 
as is the case for an electron, a neu- 
tron, and the lightest known atoms, 
namely, hydrogen and helium, the 
wave length of the matter waves, as they 
are often called, are so short that there 
are no means at present available for 
their detection. Nevertheless, there is 
little doubt that something with a 
wavelike character is always associated 
with a moving particle, although it is 
different from the electromagnetic 
waves of light and other radiations. 

3.41. It was mentioned in § 2.94 
that crystals can act as diffraction 
gratings and can produce interference 
effects with X-rays, since the spacing 
of atoms and molecules in crystals are 
of the same order as the wave lengths 
of these rays. Soon after the publica- 
tion of de Broglie’s work, the sugges- 
tion was made in 1925 by W. Elsasser, 
in Germany, that evidence for the 
wave nature of electrons might be ob- 
tained in an analogous manner. From 
the known mass of the electron ($ 2.56), 
it was calculated that, with a mod- 
erately high velocity, such as could be 
obtained by passage through a poten- 
tial of about 100 to 1000 volts, the de 
Broglie waves should have a wave 
length of the order of 10-5 cm. If this 
were the case, then. crystals should be 
capable of producing diffraction effects 
with electrons. 


THE DIFFRACTION OF 
ELECTRONS AND ATOMS 


3.42. The first definite proof that 
electrons can be diffracted and conse- 
quently exhibit wave, as well as the 
familiar particle, properties was ob- 
tained in the Bell Telephone Labora- 


tories in New York by C. J. Davisson 
and L. H. Germer in 1927. By study- 
ing the reflection and scattering, by & 
nickel crystal, of a beam of electrons, 
given a specific velocity by passage 
through a known potential difference, 
it was found that the electrons be- 
haved like waves rather than like par- 
ticles. Using electrons which had been 
accelerated by a potential of 54 volts, 
the experimental results were found 
to be equivalent to those expected 
from radiation of wave length 1.65 Å. 
This was in remarkably good agree- 
ment with the value of 1.67 Å calcu- 
lated by means of the de Broglie equa- 
tion (3.7). 

3.43. Further evidence for the exist- 
ence of electron waves was obtained 
independently in 1927, by the English 
physicist G. P. Thomson, son of J. J. 
Thomson. He passed a stream of fast 
moving electrons through a very thin 
sheet of metal, and then allowed the 
resulting beam to fall on a photo- 
graphic plate. Upon development, the 
plate showed a diffraction pattern con- 
sisting of a series of concentric circles, 
just as might have been produced by 
X-rays, indicating that the electrons 
were manifesting wave properties (Fig. 
3.6). It is of special interest to mention 
that the diffraction pattern could be 
distorted by means of a magnet, show- 
ing it was actually produced by elec- 
trons and not by extraneous radiations, 
such as X-rays, which might have been 
present. Since 1927, the wave proper- 
ties of electrons haye become almost 
commonplace in scientific laboratories. 
The electron microscope, for example, 
which is used for the examination of 
particles much too small to be visible 
in the best optical instruments, de- 


* It is a consequence of the theory of relativity that a photon of radiation, which has ete 


and should 


g 


to À/M where A is th Ew ria xw t with equation (3.7). B m 
where À is the radiation wave len; in agreement, with equation (3.7). By equation 
(3.3), ph nly ny in this form. 


ves as if it a momentum 


/^ is equal E/c, and the momentum of the photon is commonly wri 
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pends on the behavior of electrons as 
waves, although diffraction is not in- 
volved. 


Fic. 3.6. Electron diffraction pattern of 
a thin gold foil. (From G. P. Thomson) 


3.44. Diffraction effects have been 
observed with streams of hydrogen 
and helium atoms—actually ions, i.e., 
protons and alpha particles, were used 
since they could be speeded up by 
means of an electric field—and even 
with neutrons. It is thus apparent 
that these particles which are two 
thousand, and more, times as heavy 
as the electron, also have wave prop- 
erties. There is little doubt that, if 
suitable detecting means could be de- 
vised, even heavier atoms and mol- 
ecules would be found to exhibit the 
diffraction effects characteristic of 
waye motion. At the present time, 
there does not appear to be any way 
in which this might be accomplished. 

3.45. In view of the wave-particle 
duality of matter, it may be wondered 
if there is any point in making a dis- 
tinction between a wave and a par- 
ticle. In a sense, such a distinction is 
meaningless, since everything exhibits 
wave behavior or particle behavior 
depending on the circumstances, 
Nevertheless, it is still the general 
practice to refer to an electron, a neu- 
tron, an atom, or a molecule as a par- 
ticle, whereas light, gamma rays, and 
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X-rays are regarded as waves. This is 
done because the familiar properties of 
the former group correspond to those 
associated with particles, but the mem- 
bers of the latter group commonly 
behave as waves. A more satisfactory 
approach would be to differentiate be- 
tween particle and wave properties (or 
behavior), rather than between par- 
ticle and wave. Electrons, atoms, and 
so on, usually exhibit particle prop- 


erties, whereas light, gamma rays, and | 


similar radiations normally manifest 
wave properties. But, if suitable condi- 
tions are established, the electrons and 
atoms will behave like waves, whereas 
the radiations can act like particles. 


THE UNCERTAINTY PRINCIPLE 


3.46. It was realized by W. Heisen- 
berg, who was later in charge of Ger- 
many’s unsuccessful effort to develop 
an atomic bomb, that the wave-par- 
ticle duality of matter was merely one 
aspect of a general law of nature." On 
the basis of highly involved theoretical 
considerations, Heisenberg, in 1927, 
enunciated the uncertainty principle 
which represents a generalization of 
the greatest significance. For the pres- 
ent purpose, this principle may be 
stated in the following simplified form: 
The simultaneous exact determination 
of position and momentum is impos- 
sible (see § 3.49 footnote). That this is 
the case may be illustrated by reference 
to the electron. Its position might be 
found, in principle, by illuminating it 
with radiations of very short wave 
length, e.g., gamma rays, and then ob- 
serving it in a suitable (imaginary) 


“supermicroscope. However, in this 


process of determining the position of 
the electron its momentum will change, 
because of the recoil, resulting from 
the Compton effect, i.e., from the inter- 
action of the electron with a gamma- 
Tay photon. Consequently, although 
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the position of the electron might be 
obtained very exactly, the momentum 
could not possibly be estimated with 
any degree of accuracy. : 

3.47. At first sight, it seems that 
this difficulty might be overcome by 
making use of the-wave behavior of 
the electron and measuring its wáve 
length, by means of an appropriate 
diffraetion grating; the momentum 
could then be calculated exactly by 
means of the de Broglie equation (3.7). 
But this device would be of no avail. 
Since the electron wave undergoes dif- 
fraction in the determination of the 
momentum, its direction of motion is 
changed and the position of the elec- 
tron is no longer defined. No matter 
what method is employed, the final re- 
sult is inescapable: if the position of a 
particle can bedetermined exactly, then 
its momentum is indefinite, but if the 
momentum is obtained with consid- 
erable precision, the position will be 
uncertain. In every case, there will be 
an inevitable interaction of the particle 
under observation with the measuring 
system, so that if either the position or 
the momentum is determined accu- 
rately, the other will be indefinite. It 
is important to emphasize that these 
circumstances are not due to exper- 
imental errors, but to a fundamental 
characteristic of nature. 

3.48. It can be seen from the forego- 
ing discussion that when investigating 
the precise position of an electron, it 
is treated as a particle, but if its mo- 
mentum is required, then use is made 
of the wave properties. Similar consid- 


erations apply to all particles and also 
to radiation. This means that for cer- 
tain purposes a system may be treated 
as a particle, and for other purposes as 
a wave motion, but it cannot be con- 
sidered as having both particle and 
wave characters simultaneously. Thus 
the wave and particle properties of 
matter aud radiation are to be re- 
garded as complementary and not con- 
tradictory. 


Wave MECHANICS 


3.49. In order to determine the fu- 
ture behavior of a moving particle by 
means of Newtonian (or classical) me- 
chanics, it is necessary to know both 
its position and momentum at any 
particular instant. According to the 
uncertainty principle, however, these 
two quantities cannot be precisely 
known at the same instant, and so the 
behavior of the particle cannot be pre- 
dicted. This statement would appear 
to be contrary to experience, since cal- 
culations relating to the motion of 
both terrestrial and celestial bodies 
have proved remarkably accurate. The 
explanation is that for bodies of appre- 
ciable mass, the uncertainty in the 
determination of either the position or 
the momentum is so very small, both 
relatively and absolutely, that it is 
very much less than the normal exper- 
imental error of observation.* The use 
of classical mechanics in such cases 
gives results which are, at least, as 
accurate as the actual measurements. 

3.50. When dealing with very small 
particles, such as electrons and other 


* According to the Heisenberg uncertainty ad Az Ap is approximately equal to 


h/2m, where Az is the uncertainty in the measurement oi 


the position of a particle in a given 


direction, Ap is the simultaneous uncertainty in the determination of the momentum in the 


same direction, and ^ is the Planck constant. Since h/2 is so very small, namely, 1.06 X 107?" 
erg sec (or gram em?/sec), it is only for particles of extremely low mass, such as the photon, 
electron, neutron, and the lightest atoms, which have small momenta even when traveling at 
very high speeds, that the uncertainties are at all significant. An alternative form of the un- 
certainty principle, which will be used later, is AE At is approximately equal to h/2x; here AE 
is the uncertainty in the energy of the particle and At the simultaneous uncertainty in the time 
at which the energy is determined. 
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constituents of atoms, however, the 
situation is very different. The uncer- 
tainties are here so relatively large that 
classical mechanics is virtually useless. 
For the treatment of such minute par- 
ticles a new procedure, known as quan- 
tum. mechanics or wave mechanics, in 
which the apparent certainties of clas- 
sical mechanics are replaced by prob- 
abilities, was introduced by the Aus- 
trian-born physicist E. Schródinger in 
1926 and developed by himself and by 
others.* It is difficult to ascribe an 
exact physical significance to the math- 
ematical treatment, but it may be 
thought of somewhat along the follow- 
ing lines. The position of an electron 
(or other particle) of definite momen- 
tum or energy cannot be known exactly, 
because of the operation of the uncer- 

. tainty principle, and it is possible to 
state only the statistical probability 
that the particle will be found at any 
given point. Since it has been estab- 
lished that particles can exhibit what 
appear to be wavelike properties, the 
new mechanics postulates that this 
probability can be expressed by means 
of a relationship which is similar to 
that used for describing wave motion 
in general. The situation, as far as it 
can be given a physical interpretation, 
is that the statistical probability of 
finding a particle in a particular place 
can be represented by an equation of 
the same form as that which describes 
the propagation of waves. 

3.51. It should be admitted quite 
frankly that, at the present time, the 
mathematical applications of wave 
mechanics have outrun their interpre- 


tation in terms of understandable real- 


ities. There is little doubt, in view of 
their remarkable success in various 
atomic studies, that the equations of 
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wave mechanics are substantially. cor- 
rect, but their underlying significance 
is by no means obvious. Some scien- 


‘tists are content with the mathematics 


alone, for they consider that its exact 
physical meaning is beyond human 
comprehension at present. Louis de 
Broglie, for example, said: ‘‘Recent 
theoretical views suggest that a mech- 
anistic view of nature cannot be pushed 
beyond a certain point, and that the 
fundamental laws can only be ex- 


'pressed in abstract terms, defying all 


attempts at an intelligible descrip- 
tion.” Even among those who attempt 
an interpretation in material terms, 
there is no complete agreement. At 
any rate, the point of view expressed 
in the preceding paragraph, which is 
based on that of Max Born (1926), 
even if not absolutely true, does pro- 
vide a fairly simple, convenient, and 
probably not too misleading way of 
considering the postulates and results 
of wave mechanics. Some of these re- 
sults as applied to atomic properties 
will be considered in later chapters. 


SIGNIFICANCE oF WavE 
PROPERTIES 


3.52. Although it is admitted that 
particles are associated with wavelike 
properties, the nature of the so-called 
matter waves of de Broglie still pre- 
sents a problem. It is known that they 
are not electromagnetic waves, like 
X-rays or gamma rays, although they 
may have similar wave lengths, but 
what they are is not evident, If the 
interpretation of wave mechanics given 
above is accepted, a possible solution 
of this problem may be found, for the 
matter waves would not represent an 
actual wave propagation. A stream of 


* Wave mechanics should really be used for all Ta large or small. But, for bodies 


larger than a single molecule, the results are essentially i 


lentical with those derived from 


classical mechanics, so that the latter, which is considerably simpler, is invariably employed. 


| 
| 
{ 
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moving particles behaves like a train 
of waves merely because the statistical 
probability of finding a particle at any 
point in its path is represented by a 
wave equation. Why such an equation, 
rather than some other form, should 
give the distribution of the particles in 
space is still a mystery. It is possible 
that this view, like many other scien- 
tific theories, may have to undergo 
modification in the future, but for the 
present it can be accepted, at least as 
a working hypothesis. 


3.53. Similar considerations could 
well apply to radiations. Although 
these are still referred to as electro- 
magnetic waves, for they are un- 
doubtedly associated with electric and 
magnetic fields which obey a wave 
equation, there is not necessarily any 
wave motion. It may perhaps be per- 
missible to consider radiation as con- 
sisting of photons whose statistical 
distribution is represented by an equa- 
tion of the form applieable to the 
propagation of waves. 


RELATIVITY AND THE MASS-ENERGY EQUATION 


Tue ETHER AND THE 
VELOCITY or LIGHT 


3.54. When physicists in the early 
years of the 19th century were devel- 
oping the wave theory of light, they 
considered the waves to have reality 
and so it was felt there should be a 
medium which carried them. Just as 
ripples on the surface of a pool are 
transmitted by the water, and sound 
requires air or other material, so it 
seemed that a medium was necessary 
for the propagation of light waves. It 
was postulated, therefore, that there 
existed an all-pervading luminiferous 
(or light-bearing) ether, a view which, 
incidentally, is no longer accepted. 
Since light reaches the earth from dis- 
tant stars in outer space, the ether was 
presumed to extend indefinitely, so 
that it was regarded as virtually iden- 
tical with space itself. When Maxwell 
showed that light was associated with 
a varying electromagnetic field (§ 3.23), 
the belief in the hypothetical ether was 
strengthened. In addition to carrying 
radiation, it provided the medium for 
the propagation of electromagnetic dis- 
turbances. No one could say exactly 
what the ether was, and there was no 

. real proof of its existence; neverthe- 


less, the view was widely accepted that 
the ether had real significance. 

3.55. Various astronomical measure- 
ments had led to the conclusion that 
the ether, if it exists, is stationary, and 
that bodies such as the earth, sun, and 
stars move through it without produc- 
ing any disturbance. If this were the 
case, then it should be possible to de- 
termine the absolute speed with which 
the earth is moving through space by 
observations on the velocity of light. 
Suppose the earth travels through the 
stationary ether at an absolute speed 
of v, say in miles per hour. Consider a 
fixed source on the earth from which 
light is emitted; let c be the speed of 
light through the ether. If the direc- 
tion of propagation of light happens to 
coincide with that in which the earth 
is moving, the velocity of the light rel- 
ative to the ether will be c+». If, 
however, the light travels in the direc- 
tion exactly opposite to that of the 
earth, its relative velocity will bec — v. 
The situation is similar to that of a 
man swimming with a speed ¢ in a 
river flowing at the rate v; if the swim- 
mer travels in the direction in which 
the river is flowing, his speed relative 
to a point on the river bank will be 
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c + v. But if he travels in the opposite 
direction, his speed will be c — v. 

3.56. The time taken for the light to 
travel a definite distance l in the direc- 
tion of the earth's motion would then 
be i/(c + v); the same distance in the 
opposite direction would require the 
time ]/(c — v). Hence, if light were to 
travel a certain distance / in the direc- 
tion in which the earth is moving, then 
be reflected back and travel the same 
distance in the opposite direction, the 
time required would be given by 


Time for travel parallel to earth's 
motion 


l l 2cl 
Biggs 


3.57. Suppose now that the light 
coming from the source on the earth is 
propagated in the ether in a direction 
perpendicular to the earth's motion. 
"The speed will be unaffected by the 
movement of the earth, and the light 
will travel to and be reflected from a 
certain point with the velocity c, its 
absolute speed through the ether. How- 
ever, because of the supposed motion 
of the earth through the ether, the 
distance over which the light has to 
travel will be increased. This case is 
exactly analogous to a man swimming 
in a direction perpendicular to the 
river's flow. His actual path will be as 
represented by the broken line in Fig. 
3.7, rather than by the full line, as 


Fig. 3.7. Path of swimmer crossing stream 
at right angles to direction of flow. 


would have been the case if the river 
had been stationary. It is a simple 
matter of geometry to show that the 
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path is now lc/V c? — v?, instead of l. 
Hence the time taken for the light to 
travel, at the speed c, in each direction 


is 1/V c* — v*, so that 


Time for travel perpendicular to 
earth's motion 
S LUN ait: oie A 
Vezo vac Vac 
The ratio of the times for propagation 
of -light parallel and perpendicular to 
the earth's motion is then obtained by 
dividing the two expressions; thus, 


Ratio of times 


Scu Ze Scb 
d-—ww 2l 
c 


1 

V= V1 — v?/c? (E 

3.58. The speed c at which light 
travels is known (see § 3.14); hence, 
if the ratio of the times required for 
the light to travel in the two paths at 
right angles could be measured, the 
value of v, the rate at which the earth 
moves through the ether, could be 
calculated from equation (3.8). 


Tue MicHELsoN-MoRLEY 
EXPERIMENT 


3.59. If a means could be devised for 
dividing a beam of light from a given 
source into two rays propagated at 
right angles to each other, making 
them travel the same distance to mir- 
rors where each is reflected back, and 
comparing the times of arrival of the 
two rays, the problem of determining 
the earth’s speed through the ether 
would, presumably, be solved. The first 
reliable measurements of this kind were 
made in Potsdam, Germany, by the 
noted American physicist A. A. Michel- 
son in 1881. The results were so un- 
expected that the work was repeated 
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by Michelson, in Cleveland, Ohio, in 
conjunction with E. W. Morley. In 
1887, a report of the historic Michel- 
son-Morley experiment was published: 
it was found that there was no signifi- 
cant difference between the rates at 
which the light traveled in the two di- 
rections at right angles to each other. 
Various orientations of the beams were 
tried, but the results were always-the 
same; the speed of light was independ- 
ent of its direction of propagation.* 

3.60. The Michelson-Morley exper- 
iment thus showed that the ratio of the 
times of travel of light in equation (3.8) 
is virtually unity, and this presumably 
meant that v, the rate at which the 
earth moves through the ether, is zero. 
In other words, it appeared that the 
earth does not travel through a station- 
ary ether, but carries the ether along 
with it. This surprising conclusion rep- 
resented a complete contradiction of 
the long-accepted view that the earth, 
and other bodies, moved through the 
ether without disturbing it, and con- 
sequently it created a sensation in the 
world of science. 

3.61. In seeking for a way out of the 
dilemma, the Irish scientist G. F. Fitz- 
gerald (1893), while retaining the sta- 
tionary ether hypothesis, suggested 
that a body traveling in a direction 
parallel to the earth’s motion actually 
undergoes a contraction. This contrac- 
tion would not normally be observed 
because the measuring instrument 
would contract correspondingly, and 
the distance would appear to be un- 
changed. Thus, it was supposed that 
in the Michelson-Morley experiment 


the apparatus changed its dimensions 
in such a way as to compensate exactly 
for the expected difference in the veloc- 
ity of light in the two directions at 
right angles. The ratio of the velocities 
would thus appear to be unity. Ac- 
cording to Fitzgerald, the contraction 
in the direction of the earth's motion 
would be represented by the factor 

1 — v*/c*, which is, of course, identi- 
cal with the denominator of equation 
(3.8). 


VELocmy AND Mass 
OF THE ELECTRON 


3.62. It was indicated in § 2.57 that 
the mass of an electron varies with its 
speed, The first evidence of such a 
variation was obtained by W. Kauf- 
mann, who had made some of the very 
earliest measurements of the specific 
charge of an electron (§ 2.43). In 1900, 
he described a method for determining 
e/m for high-velocity beta particles 
from a radioactive source, making use 
of deflections in electric and magnetic 
fields. The experimental arrangement 
was such that differences in the veloc- 
ities of the beta-ray electrons could be 
detected at the same time, and it ap- 
peared that the e/m value decreased 
slightly as the velocity increased. This 
conclusion was apparently confirmed 
by A. H. Bucherer in 1908,} and by E. 
Hupka in 1910; the former used beta 
rays, and the latter highly accelerated 
cathode rays, as the source of electrons. 
Provided the speed of the electrons is 
less than about one tenth of the veloc- 
ity of light, the specific charge e/m is 
essentially constant, but as the speed 


* There was actually a small difference which was attributed to experimental error. From 
Observations made later by Morley with D. C. Miller (1902-1905) and by Miller alone (1921- 
1932), the latter concluded that the difference was real. But experiments of greater accuracy, 
reported from the Massachusetts Institute of Technology in 1964, have reduced the dis- 
crepancy from about 16 percent of earth’s orbital speed, as found by Michelson and Morley, 
to 3 percent, i.e., three parts in a million in the velocity of light. : 

„t More recent work has shown that Bucherer's experimental procedure was not capable of 
giving the degree of accuracy which he claimed for his results. 
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increases, the values of e/m exhibit a 
definite decrease. If, as is very prob- 
able, the actual charge e of the electron 
is independent of its velocity, it must 
be concluded that the mass of an elec- 
tron increases as its speed is increased. 
3.63. In the course of his studies in 
mathematical physics, the Dutch sci- 
entist H. A. Lorentz had derived an 
expression relating the mass of an elec- 
tron to its speed. His arguments may 
be stated in the following elementary 
form. A moving electron is assumed to 
eontract in the direction of its motion 
by the Fitzgerald factor Via v*/c*, so 
that if ro is its radius when at rest, the 
value will be 7 V 1 — v?/c? when the 
electron is moving with a speed v. If 
the mass of a spherical electron is as- 
sumed to be electromagnetic in origin, 
then by equation (2.11) the mass 
should be inversely proportional to the 
radius. Representing the rest mass of 
the electron, i.e., the mass for very 
' small velocities, by mmo, and its mass 
when moving with the speed v by the 
letter m, it consequently follows that 


m To ih 1 
m V1 — v/e) VIE vt/ct 


or, 
mo 
free EERE SS 3.9 
V1 — vt/ct (s9) 
3.64. Since the factor V1 — v?/c? is 


always less than unity, it is seen that 
the mass m of the electron when mov- 
ing with a speed v should be greater 
than the rest mass mo. If v is about one 
tenth of the velocity of light, i.e., v/c 
is 0.1, then V 1 — v?/c? is 0.995, and 
the actual mass m is 1.005 mo, differing 
from the rest mass by only 0.5 percent. 
But, if v is 99 percent of the speed of 
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light, so that v/c is 0.99, then the actual 
mass will be 7.10 times the rest mass. 
As the speed of the electron approaches 
that of light the ratio m/mo should in- 
crease very rapidly, as shown in Fig. 
3.8.* The experimental determination 
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Fic. 3.8. Increase of mass (relative to the 
rest mass) of a moving particle with in- 
creasing velocity, 


of e/m, for electrons moving at various 
speeds up to about eight tenths of the 
velocity of light, are in excellent, agree- 
ment with equation (3.9); conse- 
quently, this may be taken as giving 
a satisfactory representation of the 
effect of motion on the mass of an 
electron. 


Tue Tueory or RELATIVITY 


3.65. The Lorentz equation for the 
influence of speed on electron mass is 
undoubtedly of the correct, form, but 
the arguments upon which it was based 
have aa inadequate. In 1905, how- 
ever, using his theory of relativity, the 
German-born. Albert Einstein (Fig. 
3.9), at the time an examiner in the 
Swiss Patent Office, derived an expres- 
sion identical with equation (3.9), but 
applicable to all moving particles, and 
not merely to electrons. The important 
point is that for all bodies, whether 
they carry an electric charge or not, 


* It will be seen in $3.70 that equation (3.9) and Fig. 3.8 are applicable to all particles, not 


merely to electrons. 
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and regardless of whether their mass is 
electromagnetic in origin or not, the 
mass should increase with increasing 
velocity. The reason why such an in- 


crease of mass is not usually observed 
will be clear from Fig. 3.8; it will not 
be detectable until the speed ap- 
proaches that of light, for it is only 
then that m/mo becomes appreciably 
greater than unity. Such high speeds 
are, of course, unusual. They can be 
obtained with beta particles from ra- 
dioactive sources, and with specially 
accelerated electrons and other charged 
particles (Chapter 9); in these cases, 
there is no doubt that the mass does 
increase with the speed. 

3.66. In attempting to explain the 
Michelson-Morley experiment, Ein- 
stein first discarded the ether concept 
as unnecessary; he then made two as- 
sumptions: first, that determination of 
absolute motion is impossible, and, sec- 
ond, that the velocity of light always 
has a constant value, irrespective of 
the motion of the source or of the ob- 
Server. These two postulates formed 
the basis of the special theory of rela- 
tivity, which Einstein used to obtain 
results that have had a profound effect 
on many branches of science. It is not 
possible here to do more than touch 
"very superficially on such aspects of 


the theory as are applicable to the 
problem of atomie energy. 

3.67. Suppose a signal lamp flashes 
a beam of light of velocity c down a 
railroad track, along which a train is 
traveling at a speed v; according to the 
laws of classical mechanics, to an ob- 
server on the train, the speed of light 
relative to himself should be c + v if 
he is moving toward the signal, orc — v 
if he is traveling away from it. But the 
theory of relativity, based on the re- 
sults of the Michelson-Morley exper- 
iment, states that the observer on the 
train will always find the velocity of 
light to have the constant value c, rel- 
ative to himself, no matter in what di- 
rection he is moving. The explanation 
is that, although the observer does not 
realize it, his instruments for measur- 
ing both distance and time, which are 
necessary for determining velocity, are 
undergoing change as the train moves 
in one direction or the other. As a re- 
sult of these changes the observer will 
always find the velocity of light to have 
the same value regardless of the direc- 
tion of his motion. Another observer 
who remains stationary with respect to 
the signal lamp would, in theory, be . 
able to detect the changes in the meas- 
uring instruments on the moving train, 
with respect to his own stationary in- 
struments. 

3.68. In order to satisfy the require- 
ments of the theory of relativity, meas- 
urements of length and time made with 
respect to a moving body have to be 
converted, by the use of certain math- 
ematical transformations, to give the 
corresponding values with respect to 
a stationary body. Thus, length and 
time are relative, and not absolute, 
quantities, the values depending on the 
motion of the body with respect to 
which they are measured. 

3.69. These relativity corrections in- 


volve the term V1 — v?/c?, encoun- 
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tered in the preceding paragraphs, 
which does not differ appreciably from 
unity until the velocity v of the moving 
body is as high as about one tenth of 


the speed of light. Hence, for speeds |. 


which are small relative to the velocity 
of light, e.g., up to about 3.0 X 10° cm 
(18,600 miles) per sec, but nevertheless, 
extremely high by ordinary standards, 
the corrections are quite negligible. 
Under normal conditions, therefore, it 
would not be possible to detect the 
expected changes in the instruments 
for determining length and time; clas- 
sical mechanies is then adequate for 
treating moving bodies. From what 
has been stated here and in $ 3.49, it 
is evident that Newton's laws of mo- 
tion represent what are called limiting 
laws. Although they are entirely ad- 
equate for the limiting cases of rel- 
atively large bodies, i.e., larger than a 
molecule, moving with moderate speeds 
compared with that of light, they 
break down when applied to particles 
of small dimensions, traveling with 
very high speeds. It is these latter con- 
ditions which exist within the atom; 
consequently, in atomic studies new 
laws based on wave mechanics and rel- 
ativity must replace the classical laws 
of motion. 


Tue Mass-Enercy RELATIONSHIP 


3.70. In the further development of 
his theory, Einstein was able to show 
that similar considerations apply to 
mass as to length and time. The trans- 
formation factor required to convert 
the mass of a moving body to the rest 
mass was found to be identical with 
that derived by Lorentz for the elec- 
tron, so that equation (3.9) holds for 
any system. It is often referred to as 


*'The derivation of equation (3.12) gi 


here is sim 


the relativistic mass equation, the mass 
m being called the relativistic mass, to 
distinguish it from mp, the rest mass, 
for low velocities. 

3.71. Writing equation (3.9) in the 
equivalent form 


m = my — v*/c*)-V*, (3.10) 


and expanding the right hand member 
by means of the well-known binomial 
theorem of algebra, all terms beyond 
the first being neglected since they are 
usually very small, the result is 


2 
m= mo + Pme (8.11) 
The quantity }4m v? is approximately 
the kinetic energy of the body due to 
its motion with a speed v (8 3.5); rep- 
resenting this by Er, equation (3.11) 
may be written as 


or 


where, as usual, c is the velocity of 
light. The quantity m — m», the dif- 
ference between the mass of the mov- 
ing body and its rest mass, may be 
represented by Am, so that 


(3.12) 


The increase in mass Am of a body as 
a result of its motion is thus directly 
related to the kinetic energy Ær. Hence, 
it would appear from the theory of rel- 
ativity that there is a definite mass 
equivalent of energy, at least of kinetic 
energy.* 


le but very approximate. A more 


exact procedure, using calculus, is the following. A force F: acting on a body moving through a 


distance dz increases the kinetic energy by Fdz, which may be represented 
change of 


second law, force is equal to the rate of 


dE. By Newton’s 


momentum, so that F = d(mv)/dt, and 


Chap. 3 


A ea 


Energy and Radiation 89 


3.72. By the use of more detailed 
calculations, Einstein proved, as he put 
it, that “the mass of a body is a meas- 
ure of its energy content” and that 
when the energy of a body is changed 
by an amount E—no matter what 
form the energy takes—the mass of 
the body will change in the same sense 
by E/c*. Consequently, it is possible 
to write the general relationship 


(3.18) 


where the mass m is the equivalent of 
the energy E. This result, often re- 
ferred to as the Einstein mass-energy 
equation, is fundamental to the whole 
subject of atomic energy. It shows that 
there is an exact equivalence between 
energy and mass, and it points to the 
possibility of releasing large amounts 
of energy by the “destruction” or, 
more correctly, by the conversion, of 
mass. 


E = më, 


Tue CONSERVATION OF 
Mass AND ENERGY 


3.73. In the early years of the pres- 
ent century, there were two scientific 
laws which would have been univer- 
sally regarded as'completely inviolate. 
"They were the laws of the conservation 
of mass and of the conservation of en- 
ergy, which stated thai matter, deter- 
mined as mass, and energy can neither 
be created nor destroyed. From the 
time of the Greek philosopher Anax- 
agoras, about 450 B.c., through that of 
Francis Bacon, who in his Novum Or- 
ganum, published in 162^, wrote: 
* . , the absolute quantity or sum 
total of matter remains unchanged 
without increase or diminution," and 
of A. L. Lavoisier in the latter part of 


consequently dE — Fdz — d(mv)dz/dt, Since dx/dt represents the veloci 
ing body, it may be replaced by v; consequen 
ferentiation of the relativistic mass equation 
= 0, since mo and c are constant. Comparison with the preceding n 


(ct — v!)dm — modo 


rf dE = vd(mv), or dE = 


the 18th century, up to recent years, 
the indestructibility of matter (or 
mass) had been regarded as axiomatic. 
In fact all the quantitative aspects of 
chemistry involved the tacit assump- 
tion that there was no net change of 
mass in a chemical reaction. The ex- 
tremely accurate and painstaking ex- 
periments of H. Landolt (1909) in 
Germany and of J. J. Manley (1912) in 
England showed that if there was such 
a gain or loss of mass, it could not 
exceed about one part jn a hundred 
million, this being the limit of accuracy 
of the balances used for weighing. 

3.74. The nature of heat and its rela- 
tionship to energy was only vaguely 
understood until the end of the 18th 
century when, in 1798, the American- 
born Benjamin Thompson, Count 
Rumford of the Holy Roman Empire, 
and Minister of War in Bavaria, pub- 
lished a paper entitled An Enquiry 
Concerning the Source of Heat which is 
Excited by Friction. From studies made 
in the boring of brass cannon, he 
showed there is a direct connection be- 
tween the heat generated and the me- 
chanical work done. From the subse- 
quent investigations of the English 
scientist Humphry Davy (1812), of the 
German physician J. R. Mayer (1842), 
of the Danish philosopher L. A. Colding 
(1843), and of the English brewer 
turned scientist J. P. Joule (1843- 
1878), the exact equivalence between 
work and energy was definitely estab- 
lished. 

3.75. The fundamental implication 
of these studies was realized by the 
German physicist H. von Helmholtz, 
who in 1847 enunciated the concept of 
the conservation of energy. The essence 


of the mov- 
+ mvdv. Dif- 
9), in the form m?(c? — v!) = moc’, gives 


tion for dE shows that dm = dE/c?, which is similar to, but more exact than, equation ( 
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of this principle is that although one 
form of energy may be converted into 
another form, it can neither be created 
nor destroyed. In other words, when- 
ever there is a production of energy of 
any kind, such as work, heat, or elec- 
trical energy, an exactly equivalent 
amount of another kind must have 
been used up. Support for this law was 
provided not only by failure of the in- 
numerable attempts to achieve perpet- 
ual motion, i.e., the continuous produc- 
tion of mechanical energy without the 
use of a corresponding quantity of 
some other form of energy, but, more 
significantly, by its undoubted success 
in thermodynamics and engineering. 
3.76. It would appear from the fore- 
going review that Einstein's concept of 
the equivalence of mass and energy is 
entirely contrary to the laws of conser- 
vation of mass and energy. If a fast- 
moving body is slowed down, its mass 
should decrease, according to the mass- 
energy relationship; if its motion is 
accelerated the mass should increase. 
Similarly, if the mass of a system could 
be changed in any way, as is in fact 
possible for many processes taking 
place within the interior of atoms, 
there should be a corresponding libera- 
tion or absorption of energy. Although 
these conclusions appear to be contrary 
to the simple conservation laws, the 
results can be reconciled by a some- 
what broader interpretation of the con- 
servation principle. A useful way of 
looking at the situation is to regard 
mass and energy as different manifes- 
tations—as they probably are—of some 
fundamental property of matter. Then, 
in any process or change, it is always 
the combined mass and energy that is 
conserved. Energy can be “converted” 
into mass and mass into energy, but 
the total, based on equation (3.13) to 
express the equivalence of mass and 
energy, always remains unchanged. 
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3.77. In view of the postulated 
equivalence of mass and energy, it 
may well be asked: Why had changes 
in mass not been detected, especially 
in chemical reactions in which large 
amounts of energy are liberated as 
heat? This question can be readily an- 
swered by means of a quotation from 
the Principles of Science, by the Eng- 
lish philosopher W. S. Jevons, püb- 
lished as long ago as 1879. “Physicists 
[and chemists] often assume quanti- 
ties to be equal provided they fall 
within the limits of probable error of 
the process employed. . . . We cannot 
prove the indestructibility of matter; 
for were an exceedingly minute fraction 
of existing matter to vanish in any ex- 
periment ... . we should never detect 
the loss." In other words, a change in 
mass could not be detected if it were 
less than the experimental error, as it 
is indeed in chemical reactions even 
where measurements have been made 
with the greatest possible precision. 

3.78. It can now be understood why 
the elassieal laws of conservation of 
mass and of energy were believed to 
hold. In the more familiar cases of 
energy production and absorption, such 
as in chemical processes, the energy 
changes are of such magnitude that 
the corresponding changes in mass are 
undetectable. Thus, mass appears to 
be conserved. The same is true, of 
course, when one (conventional) form 
of energy, e.g., mechanical work, is 
converted into an equivalent amount 
of another form, e.g., electricity. How- 
ever, when it comes to rearrangements 
within the atoms themselves, the en- 
ergy changes are something like a mil- 
lion times as large as in chemical reac- 
tions. The changes of mass are then 
appreciable, and they have been 
shown, in various ways, to be in accord 
with the Einstein mass-energy equa- 
tion. 
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INTERCONVERSION OF Mass 
AND ENERGY 


3.79. A more detailed application of 
the mass-energy relationship to the 
subject of atomic energy will be given 
in Chapter 10, and various references 
to it will be made elsewhere. At this 
point, it will be sufficient to illustrate, 
by means of a few examples, the 
method of calculation and the general 
nature of the results obtained using the 
equation E = mc?, where E represents 
the energy equivalent of a mass m, 
and ¢ is the velocity of light. If c is 
expressed in centimeters per second, 
and m in grams, then E will be given 
in ergs ($3.32 footnote). Since the 
velocity of light is known to be 
2.998 X 10!° em per sec, the Einstein 
mass-energy equation can be written 
as 


E (ergs) 
= m (grams) X (2.998 X 10")? 


= m (grams) X 8.989 X 10%. 
(3.14) 


In many measurements, particularly 
where there is an evolution or absorp- 
tion of heat, as in chemical reactions, 
the energy is expressed in heat units or 
calories, 1 (thermochemical) calorie 
being defined as equivalent to 4.184 X 
107 ergs. By making this substitution, 
it is readily found that equation (3.14) 
takes the form 


E (calories) 
= m(grams)X2.148 X 10". (3.15) 


3.80. Consider a process, such as the 
combustion of a hydrocarbon fuel, in 
which 100 grams of & chemical sub- 
stance undergo reaction with the liber- 
ation of 1 million, i.e., 105, calories; 
this is an exceptionally large amount 
of heat for a chemical reaction. By 
means of equation (3.15) it is possible 


to calculate the decrease of mass to be 
expected. Substituting 10° calories for 
E on the left side, it follows that 


105 = m X 2.148 X 10%, 
m = 4.656 X 10-* gram. 


The loss of mass equivalent to the en- 
ergy evolved will thus be 4.656 X 10-5 
parts by weight in a hundred, which 
is less than one in a billion. Such a de- 
crease is beyond the possibility of 
detection by even the most sensitive 
chemical balances. This is the reason, 
as indicated above, why the mass- 
energy effect has not been observed in 
chemical reactions. 

3.81. As stated earlier, the electron 
volt and, particularly, the million elec- 
tron volt units are commonly used for 
expressing energies in atomic studies. 
Utilizing the fact that 1 eV is equiv- 
alent to 1.602 X 10-! erg and 1 MeV 
to 1.602 X 10-5 erg (8 3.33), it follows 
from equation (3.14) that 
E (eV) 

8.989 X 107° 
m (grams) X T 609 X 10 


= m (grams) X 5.611 X 10* 
E (MeV) 


= m (grams) X 5.611 X 10%. 
(3.16) 


3.82. In many calculations involving 
mass-energy equivalence in processes 
occurring within the interior of atoms, 
it is convenient to express masses in 
terms of the atomic mass unit, abbre- 
viated to amu. On this scale, the mass 
of any single particle, e.g., an electron 
or an atom, in amu is numerically 
equal to its atomie weight (or mass) 
on the conventional scale used in Chap- 
ter 1. For example, the mass of an 
electron is 0.000549 amu (§ 2.56) and 
that of a proton is 1.007277 amu 
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(8 2.64). It was seen in $ 1.57 that the 
mass of a particle in grams can be ob- 
tained by dividing its mass on the 


atomic weight scale by the Avogadro. 


constant, i.e., 6.0225 X 10%. It follows, 
therefore, that 1 amu is equivalent 
to 1/(6.0225 X 10%) = 1.6604 X 107^ 

. Upon inserting this factor into 
equation (3.16), using four significant 
figures.only, the result is 


E (MeV) 


= m (amu) X 5.611 X 10% X 1.660 
X 107^ 


= m (amu) X 931.4, (3.17) 


where m (amu) represents the mass (or 
mass change) in atomic mass units, i.e., 
on the conventional atomic weight 
scale. It is seen, therefore, that 1 
atomic mass unit is equivalent to 931.4 
MeV or, in other words, the energy 
equivalent in MeV is obtained upon 
multiplying the mass (or mass change) 
on the atomic weight scale by a factor 
of 931.4. 

3.83. In several chapters of this 
book examples will be given of the use 
of the foregoing mass-energy and re- 
lated equations. The agreement with 
experiment in so many instances has 
supplied abundant confirmation of the 
equivalence of mass and energy, at 
least for cases of this type. Even if in 
the course of time the theory of rel- 
ativity should be amended or, as is 
probable, it is found to be an aspect of 
a much wider generalization, it seems 
certain that the Einstein equation 
E = mc will remain essentially un- 
changed. 


PosrrRoN-ELECTRON Pair 
FORMATION AND ANNIHILATION 
3.84. A simple application of the 
relationships between mass, on the one 
hand, and the energy or the wave 
' length of electromagnetic radiation, on 
the other hand, for which the basic 
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information has been given in Chapter 
2, is concerned with the formation and 
annihilation of positron-electron pairs. 
The value of the annihilation energy 
(8 2.77) is calculated in the following 
manner. Ás seen in $2.56, the rest 
mass of the electron is close to 9.109 X 
10-*8 gram, and the positron has the 
same mass. Positron-electron annihila- 
tion, therefore, results in a loss of mass 
of 2X9.109 X 10-?* gram. Using 
equation (3.16), the accompanying lib- 
eration of energy should be 


E = 2 X 9.109 X 10-28 x 5.611 X 10% 
= 1.022 MeV. 


Thus, the total amount of energy 
produced in the mutual annihilation of 
a positron and an electron is 1.02 MeV. 
If this energy were emitted as a single 
photon of radiation, the latter would 
lie in the gamma-ray region, since the 
wave length, as derived from equation 
(3.6), would be 1.22 X 10- cm. It 
will be seen shortly that the 1.02 MeV 
appears much more commonly as two 
or three photons; however, the result- 
ing radiations may still be regarded as 
gamma rays. 

3.85. By reversing the calculation 
made above, it is apparent that an 
energy of 1.02 MeV, at least, would be 
required:to create a positron-electron 
pair. Two experimental facts may be 
mentioned in support of this value. 
First, the additional absorption of 
high-energy gamma rays, which was 
attributed in $ 2.78 to the conversion 
of part of the energy into positron- 
electron pairs, does not become ap- 
parent until the gamma-ray energy 
quantum exceeds 1.02 MeV. The sec- 
ond is based on the fact that the gamma 
rays from thorium C", which are 
known to have an energy of 2.62 MeV, 
can produce positron-electron pairs. If 
the creation of a pair requires 1.02 


| 


Energy and Radiation 93 


MeV, the excess energy of 2.62 — 
1.02 = 1.60 MeV should remain. This 
might be transferred to the electron or 
positron or, more probably, be shared 
by both. In complete agreement with 
this expectation, measurements show 
that the maximum energy carried by 
a positron formed in this manner is 
1.6 MeV. 

3.86. It was suggested by the Yugo- 
slav scientist S. Mohoroviéié in 1934 
that, before a positron and an electron 
annihilated each other, they might 
exist, for a very short time, as a quasi- 
stable system held together by the 
attraction between the positive and 
negative electrical charges. In view of 
the similarity to a normal atom, as 
will be apparent in the next chapter, 
A. E. Ruark in 1945 proposed the 
name positronium for the temporary 
positron-eleetron combination.* A 
study of the system showed that actu- 
ally two forms of positronium should 
be capable of transitory existence. This 
situation arises because electrons and 
positrons (and other fundamental par- 
ticles) have a property most simply 
described as "spin" (§ 4.54). In one 
form of positronium, called orthoposi- 
tronium, the electron and positron spin 
in the same direction, that is to say, 
their spins are parallel. In the other 
form, known as parapositronium, the 
spins of the particles would be in op- 
posite directions, i.e., antiparallel. 

3.87. The difference between ortho- 
and para-positronium should be mani- 
fest in at least two ways. In the first 
place, theoretical calculations indicate 
that the average lifetime of the ortho- 
form, before positron-electron annihi+ 
lation occurs, should be about 1.5 X 
10-7 sec, whereas that of the para- 


form, which nas a much shorter life, 
should be only 1.3 X 10^!^ sec, Fur- 
thermore, when annihilation does take 
place, the distribution of the resulting 
1.02 MeV of energy should be different 
in the two cases. The reason for this 
behavior is associated with the fact 
that the positron and the electron can 
have spin components of either 4-34 
or —% unit only ($ 4.54), whereas 
that of the photon of radiation, in 
which form the annihilation energy ap- 
pears, is either +1 or —1; + and — 
signs indicate spins in one particular 
direction or in the opposite direction, 
respectively. 

3.88. Inorthopositronium, where the 
electron and positron have parallel 
spins, the resultant spin is either +1 
or — 1, but in the para-form, where the 
spins are antiparallel, the net spin must 
be zero. A basic requirement of the 
annihilation processes (and of atomic 
reactions, in general) is that spin 
should be conserved, i.e., the total 
spin should remain unchanged This 
means that parapositronium (spin 0) 
can form two photons (spins +1 and’ 
—1), whereas orthopositronium (spin 
+1 or —1) must yield either one pho- 
ton (spin +1 or —1) or three photons 
(spins +1, +1, and —1, or —1, —1, 
and +1) upon annihilation. 

3.89. When two-photon annihilation 
occurs, the photons should be expelled 
in opposite directions, in order to sat- 
isfy the law of conservation of momen- 
tum, each photon carrying half the 
total available energy, 1.02 MeV. Thus, 
gamma radiation with an energy quan- 
tum of 4 X 1.02 = 0.51 MeV should 
be produced. Such radiation čan al- 
ways be detected whenever positron- 
electron annihilation occurs. However, 


* An analogous transient combination of a positive muon (§ 2.129) and an electron has been 
observed; it is called muonium. It will be seen in due course that, except for its mass, the muon 


behaves vei 


do not annihilate each other, as do the positive an 


much like an electron. However, the pm muon and the negative electron 
n 


egative electrons in positronium. The 


lifetime of muonium depends on the average life of the muon, which is 2.2 X 10"* sec. 
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this does not prove that parapositro- 
nium is an intermediate step, for con- 
servation of spin and momentum 
would lead to the same result, in any 
event. 

3.90. Proof of the existence of posi- 
tronium would require a determination 
of the average lifetime. For the para- 
form this is too short to measure with 
any certainty; but the lifetime of the 
orthopositronium, although less than 
a millionth of a second, is within the 
scope of modern techniques for ob- 
serving very small time intervals. By 
using such methods, M. Deutsch, of 
the Massachusetts Institute of Tech- 
nology, was able in 1951 to determine 
the time between the formation of 
positrons, by emission from a radio- 
active source, and their subsequent 
annihilation. This was found to be in 
excellent agreement with the calculated 
value given above, namely, 1.5 X 10-7 
sec, thus providing good evidence for 
the intermediate formation of ortho- 
positronium. Subsequently, confirma- 
tion was obtained by arranging three 
gamma-ray detectors symmetrically in 
a plane about a source of positrons. 
An event was registered only when a 
gamma-ray photon entered each of the 
three detectors simultaneously, thus 
recording the annihilation of ortho- 
positronium. 

3.91. In a three-photon annihilation, 
conservaiion of momentum does not 
require the total energy of 1.02 MeV 
to be divided equally among the pho- 
tons. As a result, the energy quanta 
from orthopositronium annihilation 
cover a range from very small amounts 
up to about 1 MeV. In principle, ortho- 
positronium should be capable of emit- 
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ting the whole 1.02 MeV as a single 
gamma-ray quantum, Radiation of 
this energy has been observed to ac- 
company positron annihilation, but 
only to a relatively small extent. The 
reason is that, if momentum is to be 
conserved in a one-photon annihila- 
tion, another particle, preferably a 
heavy one, must be available to take 
up the recoil. Because of the very short 
life of parapositronium, two-photon 
annihilation occurs more readily, and 
the resulting 0.51-MeV gamma rays 
are the chief constituent of positron- 
electron annihilation radiation. 

3.92, A number of gas molecules 
which have definite, although weak, 
magnetic properties, e.g., nitric oxide, 
nitrogen dioxide, and oxygen, are 
known to be capable of causing spin 
reversal. It is of interest to mention, 
therefore, that these substances, par- 
ticularly nitric oxide, can evidently 
bring about rapid conversion of ortho- 
into para-positronium, As a result, the 
phenomena due to the ortho-form are 
diminished and those due to the para- 
form are enhanced. For example, in 
the presence of nitric oxide, the num- 
ber of events registered in a system 
which detects only the simultaneous 
production of three photons, as de- 
scribed above, is markedly decreased. 
Moreover, in nitric oxide the contribu- 
tion of the 0.51-MeV gamma rays to 
the annihilation radiation is raised, 
whereas that of gamma rays of other 
energies is diminished. These observa- 
tions lend support to the concept of 
the short-lived existence of two forms 
of positronium, distinguished by the 
difference in the direction of spin of 
the constituent positron and electron. 
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EARLY THEORIES OF ATOMIC STRUCTURE 


THOMSON’S CORPUSCULAR AToM 


4.1. During the 19th century most 
scientists would probably have re- 
garded atoms as rigid spheres which 
were strictly indivisible, and conse- 
quently devoid of any internal struc- 
ture. Nevertheless, there were a few 
who held different views. Thus, in his 
preface to the collected writings of 
Thomas Graham, published in 1876, 
the Scottish historian of chemistry, R. 
Angus Smith, wrote: “In using the 
word atom, chemists seem to think 
that they bind themselves to a theory 
of indivisibility. This is a mistake. 
The word atom means that which is 
not divided, as easily as it may mean 
that which cannot be divided, and in- 
deed the former is the preferable mean- 
ing." Until 1897, however, when J. J. 
Thomson made the suggestion that 
electrons, which he called “corpuscles,” 
are a universal constituent of matter 
($2.50), there was no information 
available to provide the basis for a 
theory of atomic structure. 

4.2. The first definite ideas concern- 
ing the interior structure of atoms were 
put forward by J. J. Thomson in 1898.* 
He said: "I regard the atom as con- 
taining a large number of . . . cor- 
puscles [i.e., electrons] . .. In the 


normal atom, this assemblage of cor- 
puscles forms a system which is elec- 
trically neutral. Though the individ- 


ual corpuscles behave like negative i 


ions, yet when they are assembled in a 
neutral atom the negative effect is 
balanced by something which causes 
the space through which the corpuscles 
are spread to act as if it had a charge 
of positive electricity equal in amount 
to the sum of the negative charges of 
the corpuscles.” Some years later, in 
1904, he elaborated this view, thus: 
“We suppose that the atom consists 
of a number of [negative] corpuscles 
moving about in a sphere of uniform 
positive electrification . . . the cor- 
puscles will arrange themselves in a 
series . . . of concentric shells. . . . 
The gradual change in the properties 
of the elements which takes place as 
we travel along the horizontal rows in 
. . . [the periodic] arrangement of the 
elements, is also illustrated by the 
properties possessed by these groups 
of corpuscles.” 

4.3. One of the unsatisfactory as- 
pects of Thomson’s theory of the struc- 
ture of atoms was the vague nature of 
the "sphere of uniform positive elec- 
trification" in which the electrons were 
supposed to be embedded. Since the 


* Some authors state that J. J. Thomson's theory is similar to one proposed by Lord Kelvin 
(William Thomson) a little ed It appears, however, that Kelvin's views ue much less 
iomson. 


explicit than those of J. J. 
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weight of an electron is about a two- 
thousandth part of that of a hydrogen 
atom, it would mean that a single 
atom, especially of the heavier ele- 
ments, would contain many thousand 
electrons. However, in 1906, from con- 
siderations based on the dispersion of 
light, and the scattering and absorp- 
tion of X-rays by gases, J. J. Thomson 
found that “the number of corpuscles 
is not greatly different from the atomic 
weight.” This would mean that the 
negative corpuscles, that is, the elec- 
trons, contribute only a very small 
fraction of the mass of an atom, and 
consequently “the mass of the.carrier 
of unit positive charge is large com- 
pared with that of the carrier of unit 
negative charge.” These conclusions 
were later proved to be substantially 
correct, but it was very difficult to rec- 
oncile them with the supposed nature 
of the positive charge distribution. 
4.4. It must be admitted that scien- 
tists in general, and chemists in par- 
ticular, were not enthusiastic about 
these ideas on the nature of the atom, 
and Lord Rayleigh, in his biography 
of J. J. Thomson (§ 2.59 footnote), in- 
dicates that Thomson himself was not 
too well satisfied with them. Neverthe- 
less, some of his suggestions, particu- 
larly the one concerning the relation- 
ship between the change in properties 
of the elements in the periodic table 
and the groups of electrons, are not 
fundamentally different from those 
now accepted. Above all, Thomson’s 
theory was important because it called 
attention to the universality of the 
electron, and indicated the possibility 


that the atom might consist of an 
arrangement of positive and negative 
electric charges. 


OTHER EARLY THEORIES 


4.5. Two other views on atomic 
structure which are worthy of mention 
were proposed in the early years of the 
present century. One, by the Hungar- 
ian scientist P. Lenard (1903), was 
based on his observation that swift 
cathode rays could penetrate sheets of 
aluminum and other metals (§ 2.19). 
It appeared, therefore, that a large por- 
tion of the atom consisted of empty 
space, and Lenard suggested that the 
material part was made up of neutral 
doublets, which he called “dynamids,” 
each consisting of a positive and a 
negative charge. 

4.6. The second theory, published in 
1904 by the Japanese physicist H. Na- 
gaoka, bears a striking similarity to 
the modern views on atomic structure. 
Its author compared the atom to the 
planet Saturn, where stability is main- 
tained by the attraction of the heavy 
central body for the lighter particles 
in the surrounding rings. He then said: 
“The present case [i.e., the atom] will 
evidently be approximately realized if 
we replace these satellites by negative 
electrons and the attracting centre by 
a positively charged particle.” Naga- 
oka used his picture of the atom to 
make some calculations relating to the 
spectra of the elements, but neither his 
speculations nor those of Lenard at- 
tracted any particular interest at the 
time. 


THE NUCLEAR ATOM 


THE SCATTERING OF 
ALPHA PARTICLES 


4.7. The modern ideas concerning 
the structure of the atom arose directly 


‘from a study of the radiations emitted 


by radioactive bodies (see Chapter 2). 
In 1906, Ernest Rutherford (§ 2.64), 
at that time in Canada, had noticed 
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that when alpha particles from a radio- 
active source fell on a photographie 
plate, after penetrating a thin sheet of 
metal, the resulting trace was diffuse, 
fading off at the edges, instead of 


being sharp. This diffuseness was at- | 


tributed to scattering of the alpha par- 
ticles; that is to say, the particles were 
deflected from their course, presum- 
ably as a result of interaction with the 
atoms of the material through which 
they had passed. 

4.8. Two years later, when Ruther- 
ford was in Manchester, England, he 
was experimenting with alpha particles 
in collaboration with his German as- 
sistant Hans Geiger (Fig. 4.1), who 
later achieved fame as the inventor of 
the Geiger tube (§ 7.26), and his atten- 
tion was once again drawn to the 


Fre. 4.1. 


Sourcebook on Atomic Energy 


Chap. 4 


scattering phenomenon. In the words 
of Geiger: "In the course of experi- 
ments undertaken by Professor Ruth- 
erford and myself to determine accu- 
rately the number of alpha particles 
expelled from 1 gramme of radium, our 
attention was directed to a notable 
scattering of alpha particles in passing 
through matter." 

4.9. The observation that aroused 
the interest of the investigators was 
that, although the majority of alpha 
particles in passing through a thin 
sheet of metal either continued in their 
original direction of motion or were 
scattered, i.e., deflected, to a slight ex- 
tent, a small proportion of the parti- 
cles were deflected through large 


angles, some even emerging on the 
side of incidence. In a detailed study of 


Ernest Rutherford (1871-1937) at right and Hans Geiger (1882-1945) at 
Manchester about 1910. 
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the scattering of the fast-moving alpha 
particles, H. Geiger and E. Marsden 
(1909) reported that when the radia- 
tions emitted by the radioactive ele- 
ment radium C impinged on a thin 
sheet of platinum, about one particle 
in 8000 was scattered at an angle of 
90? from the direction of incidence. 
"If the high velocity [about 1.8 X 10° 
cm per sec] and mass of the alpha 
particle be taken into account,” they 
said, “it seems surprising that some of 
the alpha particles . . . can be turned 
within a layer of 6 X 10-5 em of gold 
through an angle of 90°, and even 
more." * 'To produce the same effect by 
a magnetie deflection of the alpha 
particle would have required a field of 
enormous magnitude. In his lectures 
on the Background to Modern Science, 
given in 1936, Rutherford described 
the unexpected nature of the results 
in the following words: *Tt was about 
as credible as if you had fired a 15- 
inch shell at a piece of tissue paper 
and it came back and hit you.” 


RurHERFORD's NUCLEAR AToM 


4.10. The first interpretation of the 
large-angle scattering of alpha parti- 
cles was that it was due to a succession 
of deflections through small angles, all 
in the same general direction. In his 
classical paper of 1911, however, in 
which he laid the foundation of the 
modern theory of atomic structure, 
Rutherford showed that it was highly 
improbable that this was the case. In 
view of J, J. Thomson’s model of the 


atom as consisting of a number of elec- 
trons moving in a uniform sphere of 
positive electrification, it appeared 
possible that alpha-particle scattering 
might be due to encounters with the 
electrons. But, said Rutherford, “re- 
membering that the mass, momentum 
and kinetic energy of the alpha parti- 
cle are very large compared with the 
corresponding values for the electron 
. .., it does not seem possible . . . 
that an alpha particle can be deflected 
through a large angle by a close ap- 
proach to an electron.” He therefore 
concluded that “considering the evi- 
dence as a whole, it seems simplest to 
suppose that the atom contains a cen- 
tral charge distributed through a very 
small volume.” In other words, Ruth- 
erford postulated that the atom does 
not consist of a uniform sphere of 
positive electrification, as supposed by 
Thomson, but that the positive charge 
is concentrated in a small region, 
which he later (1912) called the nu- 
cleus, at the center of the atom. t 
4.11. The scattering of alpha parti- 
cles through large angles can then be 
readily accounted for by the marked 
repulsion experienced by these posi- 
tively charged particles when they ap- 
proach closely enough to the small 
positively charged nucleus of the atom. 
It will be seen shortly that, since the 
nucleus is very minute compared with 
the atom as a whole, only a minor pro- 
portion of the impinging alpha parti- 
cles come close enough to suffer such 
strong repulsion. Hence, the number of 
these particles which undergo large- 


* According to Rutherford, in whose laboratory and at Whose suggestion the work was 
done, Geiger and Marsden found that “a small fraction of incident alpha particles, about 


1 in 20,000, were turned through an average angle of 90° in passing through a thin 


r of 


gold." This statement is frequently quoted, but the result does not appear in the published 


report of Geiger and Marsden. 


T At first Rutherford was noncommittal as to the sign of what he called the ‘central charge,” 


since the alpha-particle scattering could be explain 


irrespective of whether the charge m» 
that, 


positive or a ae Subsequently, he concluded that the central charge was positive an 


in the neut: 
of electrons, 


atom, the corresponding negative charge was distributed about it in the form 


100 


angle scattering is definite but small 
(Fig. 4.2). 


ALPHA 5 


PARTICLES 


g 


Fie. 4.2. Scattering, of alpha particles 
which approach an atomic nucleus. 


4.12. It will be seen that the pro- 
posed picture of the atom is not essen- 
tially different, as Rutherford pointed 
out, from the Saturnian atom of Naga- 
oka, mentioned earlier. Nevertheless, 
Rutherford is invariably given credit 
for originating the nuclear atom, be- 
cause, to use Whitehead’s apt phrase 
quoted in another connection in Chap- 
ter 1, he made the nuclear atom “‘effi- 
cient in the stream of science.” 

4.13. By assuming Coulomb’s law— 
that the force acting between two elec- 
trical charges is proportional to the 
product of the charges divided by the 
square of the distance between them— 
to apply to the interaction between the 
atomic nucleus and an alpha particle, 
Rutherford derived an equation relat- 
ing the scattering at various angles to 
the charge on the scattering nucleus, 
the thickness of the scattering mate- 
rial, and the velocity of the alpha par- 
ticles. A very thorough test of this 
equation was made in Rutherford’s 
laboratory in Manchester, England, by 
Geiger and Marsden, upon whose ear- 
lier studies the theory of the nuclear 
atom had been based. Reporting, in 
1913, on their work with seven differ- 
ent scattering materials and with alpha 
particles of different velocities, they 
said: “. . . the results of our investiga- 
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tion are in good agreement with the 
theoretical deductions of Professor 
Rutherford, and afford strong evidence 
of the correctness of the underlying 
assumption that an atom contains a 
strong charge at the centre, of dimen- 
sions small compared with the diame- 
ter of the atom.” t 


Mass AND Size OF THE NUCLEUS 


4.14. The data of Geiger and Mars- 
den were not sufficiently precise to per- 
mit an accurate determination of the 
magnitude of the charge on the atomic 
nucleus—this was done a few years 
later, as will be seen below—but the 
indications were that the number Z of 
unit (electronic) positive charges car- 
ried by the nucleus of an atom was ap- 
proximately half of its atomic weight. 
Since the atom as a whole is electrically 
neutral, the positive charge on the nu- 
cleus must be balanced by an equal 
number Z of negative charges in the 
form of electrons. It follows, therefore, 
that the number of electrons is roughly 
half the atomic weight, and hence 
would not greatly exceed 100 even for 
the heaviest elements. Further, since 
the mass of an electron is roughly a 
two-thousandth part of that of a hy- 
drogen atom, the maximum number of 
about 100 electrons would represent no 
more than a twentieth of the mass of a 
hydrogen atom, i.e., 0.05 on the ordi- 
nary atomic weight scale. It is obvious, 
therefore, that essentially the whole of 
the mass of an atom, as well as all of 
its positive charge, must be concen- 
trated in the nucleus. 

4.15. According to Rutherford’s cal- 
culations, the greater the angle through 
which an alpha particle has been de- 
flected, the closer has it approached 
the atomic nucleus before being turned 
back. By determining the maximum 
scattering angle, the distance of closest 
approach between the centers of an 
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atomic nucleus and an alpha particle 
may be calculated. This distance, 
which is found to be of the order of 
10-” cm, represents a maximum value 
for the sum of the radii of an atomic 
nucleus and an alpha particle. Since 
the alpha particle is itself the nucleus 
of a helium atom, as will be seen below 
(§ 4.30), it is evident that the radius 
of an atomic nucleus is somewhere 
between 10-” and 10-" em. 

4.16. An approximate evaluation of 
the size of the target nucleus* may be 
made in the following manner. As 
shown in § 2.109, an alpha particle car- 
ries two (positive) unit charges, i.e., 
2e, and since the (positive) charge on 
the nucleus is Ze, where Z is approxi- 
mately half the atomic weight, the 
force of electrostatic repulsion between 
the target nucleus and an alpha par- 
ticle when their centers are at any dis- 
tance d apart is given by Coulomb’s 
law as 2e X Ze/d', i.e., 2Ze/d*. The 
potential energy (or work) of repulsion 
is obtained by integration over all dis- 
tances from infinity to d, and the 
result is found to be 2Ze*/d. 

4.17. Suppose that an alpha particle 
of mass m, moving with a velocity v, 
and hence having a kinetic energy 
Vámv', is approaching the atomic nu- 
cleus along the line joining their cen- 
ters. As the particle gets closer the 
potential energy of repulsion increases, 
since d is continually diminishing; 
eventually a point is reached when this 
energy (2Ze*/d) just balances the ki- 
netic energy (Lám») with which the 
alpha particle is moving toward the 
nucleus. At this point the alpha parti- 
cle comes to rest instantaneously and 
is then turned back. The distance do 
of closest approach between the target 
nucleus and the alpha particle may 
consequently be derived by equating 


* The term “ 


the repulsive potential energy 2Ze*/d, 
to the kinetic energy mi? of the 
alpha particle; thus, 


EA ome 
d 2 
so that 
AZe 
e BO (4.1) 


4.18. The electronic charge e is 
known to be 4.80 X 107? esu ($2.41), 
and the mass of the alpha particle, 
which is virtually identical with that of 
a helium atom, is obtained by dividing 
the atomic weight of helium, 4.00, by 
the Avogadro number, 6.02 X 10? 
($1.60). The average velocity of an 
alpha particle is known to be about 
1.5 X 10° em per sec, and if Z, the 
number of unit charges on the target 
nucleus, is taken as 20, so that the 
atomic weight is in the region of 40, 
it is found from equation (4.1) that d, 
is about 107? cm. The radius of the 
target nucleus, which must be less than 
this figure, should thus be of the order 
of 10-? to 107? cm. 

4.19. In addition to this approxi- 
mate method for determining nuclear 
radii, more accurate values have been 
obtained from observations on the 
maximum scattering angle of alpha 
particles ($4.15) and in other ways 
(see §§ 8.32, 12.62). The different pro- 
cedures do not always measure exactly 
the same quantity, partly because the 
atomic nucleus cannot be regarded as 
a rigid sphere with a definite boundary. 
Nevertheless, a review of the various 
methods indicates that, except for the 
lightest nuclei, the radius, R, of an 
atomic nucleus can be expressed by ` 


R = 1.25 X 10-#A" cm, 


where A is the mass number of the 
atom, i.e., the whole number nearest 


t nucleus" will be used for the nucleus with which the alpha particle 


interacts, since the latter is also an atomic nucleus. 


` 
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to its atomic weight (see §§ 4.36, 6.60). 
On the basis of this relationship, the 
nuclear radius of carbon (A = 12) is 
2.8 X 107% em and that of uranium 
(A = 238) is 7.7 X 107? cm. The 
radius of the smallest nucleus, namely, 
that of hydrogen, which is identical 
with a proton, is difficult to define 
exactly, but it may be regarded as 
being about 1 X 10-5 cm. It is seen, 
therefore, that all nuclear radii lie 
within the range from 10-? to 10-” 
* 


m. 

4.20. It will be recalled that the ra- 
dius of an electron is about 2.8 X 107" 
em (82.59), so that atomic nuclei, in 
spite of being many thousand times 
heavier than an electron, are not very 
different in radius. It was thought at 
one time that the nuclear mass was 
essentially electromagnetic in nature, 
being, like that of the electron, due to 
its electric charge. If this were the 
ease, nuclear radii would be very much 
smaller than are actually found. Con- 
sequently, the mass of the nucleus is 
governed by factors other than the 
charge. As will be seen below, it is the 
presence of protons and neutrons 
which accounts for nuclear masses; the 
neutron carries no charge and so its 
mass cannot be electromagnetie in 


origin. 

4.21. The radius of an atom is about 
10-3 em (8 1.65), and since it consists 
of a single central nucleus, with a 
radius of the order of 107? cm or less, 
and a relatively small number of elec- 
trons, each of which has a radius of 
2.8 X 107? em, it is obvious that an 
atom must have a very “empty” struc- 
ture. For an atom with a (positive) 
nuclear charge of 20, for example, 
there are 20 (negative) electrons out- 
side the nucleus, since the atom as a 
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whole is neutral. The total volume of 
the nucleus and the electrons in a 
single atom is calculated to be about 
10-* cc, compared with the total 
effective volume of approximately 
10—* ce for the atom as a whole. To 
the extent that nuclear and electronic 
volumes have any real significance— 
because of the operation of the uncer- 
tainty principle—it would appear that 
the actual volume of material, i.e., of 
the nucleus and the electrons, present 
in an atom is only about 10-” of the 
effective atomie volume. It is not sur- 
prising, therefore, that fast-moving 
particles, e.g, beta particles, alpha 
partieles, and neutrons, can so easily 
pass through appreciable thieknesses 
of matter. 


Tue NUCLEAR CHARGE 


4.22. Because of experimental diffi- 
culties, the accuracy of the scattering 
measurements made by Geiger and 
Marsden, referred to above, was such 
as to give the value of the nuclear 
charge with a possible error of some 20 
percent. As already mentioned, all that 
could be said was that the number of 
elementary positive charges on the 
nucleus was approximately half the 
atomic weight. This result was in 
general agreement with a conclusion 
previously reached by C. G. Barkla 
(1911) following upon’ his experiments 
on the scattering of X-rays. According 
to a theoretical treatment by J. J. 
Thomson (1906), the extent of the 
scattering is determined by the num- 
ber of electrons in the atom, and 
Barkla found this number to be 
roughly half the atomic weight for 
several light elements. The number of 


“electrons in an atom should, of course, 


* The unit of 107!* cm, which is convenient for expressing nuclear radii (and nuclear distances 


generally), is called 1 fermi (abbreviated 


d 


to 1 F), in honor of E. Fermi, who mad t- 
standing contributions to nuclear physics (see, ie ia ermi, who made several ou 


example, $$ 8.51, 14.45). 
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be equal to the number of unit posi- 
tive charges on the nucleus. 

4.23. Early in 1913, the Dutch 
physicist A. van den Broek, in a paper 
on Radioelements, the Periodic Sys- 
tem and the Constitution of the Atom, 
made the suggestion that the number 
of positive charges on the nucleus of 
any given atom is equal to the ordinal 
number of the particular element in 
the periodic system, now referred to 
as the atomic number (81.44). The 
same idea must have been in the minds 
of K. Fajans in Germany and of F. 
Soddy in the United Kingdom ($ 6.4), 
but van den Broek is accorded priority 
for the first publication of the view 
that has become universally adopted. 
It may be noted that for the lighter ele- 
ments, up to molybdenum, at least, the 
atomic number is within about 10 per- 
cent of half the atomic weight. The 
approximate estimates of the nuclear 
charge and of the number of electrons, 
made by Geiger and Marsden from 
alpha particle scattering and by Barkla 
from X-ray scattering, respectively, 
thus agreed fairly well with the sugges- 
tion that they should be equal to the 
atomic number of the element. 

4.24. The next important step in 
connection with the determination of 
the magnitude of the nuclear charge 
was taken in 1913 in Rutherford’s 
Manchester laboratory, by the young 
English physicist, H. G.-J. Moseley, 
who was killed two years later in the 
battle of Gallipoli. Utilizing the then 
recent discovery that a crystal could 
act as a diffraction grating, and hence 
could be used to compare the wave 
lengths of X-rays (82.97), Moseley 
made a study of the characteristic 
X-rays ($2.92) of & number of ele- 
ments. A photographie method was 
used, so that the positions of the lines 
on the plate were directly related to 


the wave lengths of the particular. 
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X-rays. The results obtained for a 
series of consecutive elements in the 
periodic system, from calcium to zine 
—with the exception of scandium, 
which follows calcium—are shown in 
the historic photograph in Fig. 4.3. It 


Fia. 4.3. Characteristic X-rays of con- 
secutive elements. (H. G.-J. Moseley, Phil. 
Mag., 26, 1024 (1913)) 


is apparent that the wave lengths of 
the characteristic X-rays change in & 
regular manner with increasing atomic 
number of the element. 

4.25. From the positions of the lines, 
Moseley determined the frequencies 
(83.13) of the corresponding radia- 
tions, and then calculated a quantity, 
to which he gave the symbol Q, that 
was related to the square root of the 
frequency of the characteristic X-rays 
for each element. Upon examining the 
results he remarked: “It is at once evi- 
dent that Q increases by a constant 
amount as we pass from one element 
to the next, using the chemical order 
of the elements in the periodic system 
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. . . we have here a proof that there 
is in the atom a fundamental quantity, 
which increases by regular steps as we 
pass from one element to the next. 
This quantity can only be the charge 
on the atomic nucleus.” 

4.26. After referring to the conclu- 
sions drawn from alpha particle and 
X-ray scattering, that the number of 
unit charges on the nucleus of any 
atom is-approximately half its atomic 
weight, Moseley went on to say: “Now 
atomic weights increase on the average 
by about two units at a time, and this 
strongly suggests the view that the 
... [number of charges] increases 
from atom to atom by a single elec- 
tronic unit. We are therefore led by 
experiment to the view that . . . [the 
number of charges] is the same as 
the number of the place occupied by 
the element in the periodic system. 
This atomic number* is then for hy- 
drogen 1, for helium 2, for lithium 3, 
. . . for calcium 20, . . . for zinc 30, 
ete.” 

4.27. The work described above was 
interrupted by World War I, but after 
the war, James Chadwick (§ 2.116), in 
Rutherford’s laboratory at Cambridge, 
England, set out to make an accurate 
study of the scattering of alpha par- 
ticles with a view to calculating the 
number of unit charges carried by an 
atomic nucleus. From his measure- 
ments, reported in 1920, he estimated 
the nuclear charges of copper, silver, 
and platinum to be 29.3, 46.3, and 77.4 
units, respectively, with an accuracy 
of between 1 and 2 percent. These 
figures are in excellent agreement with 
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the respective atomic numbers of 29, 
47, and 78. Similar accord was obtained 
by P. Auger and F. Perrin (1922) in 
France for argon, by E. S. Bieler 
(1924) in England for aluminum and 
magnesium, and by Rutherford and 
Chadwick (1925) for gold. 

4.28. As a result of these observa- 
tions, and of many others, it is now 
unquestioned that the number of unit 
positive charges carried by the nucleus 
of any atom is equal to the atomic 
number of the particular element. 
'The number of electrons surrounding 
the nucleus and maintaining electrical 
neutrality of the atom as a whole, fre- 
quently referred to as the extranuclear 
electrons or orbital electrons, must con- 
sequently also be equal to the atomic 
number. For this reason the symbol Z 
is used to represent both the atomic 
number (or the nuclear charge) and 
the number of the orbital electrons as- 
sociated with the atom of a given ele- 
ment. 

4.29. It follows, as a consequence of 
the foregoing arguments, that in the 
hydrogen atom the nucleus carries a 
single positive charge and there is one 
extranuclear electron. The helium atom 
has a nucleus with two positive charges 
and there are two external electrons. 
The nucleus of the lithium atom car- 
ries three positive charges and there 
are three surrounding electrons, and so 
on throughout the periodic system. 
The heaviest naturally occurring ele- 
ment, uranium, has an atomic number 
of 92; thus, its nucleus has 92 positive 
charges and there are the same num- 
ber of extranuclear electrons. 


* This is the first mention of the term atomic number, for the ordinal number of an ele- 
ment in the periodic system, that the present author has been able to find, although as long 
Newlands (see be 


864, J. A. R. 


which means “ordinal number. 


xg N $1.40) employed the expression "t 
element? for this quantity Writers lin the eran [^ expression “the num! 


r of the 
nguage use the word “Ordnungszahl,” 


1 It has even become the practice to define the atomic number of an element as the number 


of unit positive cha 


number in the periodic system 


carried by the nucleus, instead of the original definiti inal 
ik a, of the origi! jon as the geen 
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4.30. As was seen in $ 2.64, Ruther- 
ford concluded the proton was identi- 
cal with a hydrogen atom that carried 
a single positive charge. Hence, it 
would be equivalent to such an atom 
which has lost one unit of a negative 
charge, i.e., one electron. As the hydro- 
gen atom contains but a single elec- 
tron, it is evident that the proton is 
identical with a hydrogen nucleus. 
Similarly, it will be readily apparent 
that an alpha particle is actually a 
helium nucleus, that is, a helium atom 
minus its two electrons, so that it car- 
ries two positive charges. 

4,31. It may be remarked that in the 
process of ionization whereby an atom 
or a group of atoms acquires an elec- 
tric charge and hence becomes a carrier 
of electricity, the orbital electrons are 
involved. If by some means, such as 
an electrical discharge or by the action 
of alpha or beta particles, one or more 
electrons are removed from an atom 
(or a molecule) the result is a positive 
ion. Thus a proton is a singly charged, 
positive hydrogen ion, whereas an al- 
pha particle is a doubly charged, posi- 
tive helium ion. On the other hand, 
when an atom or molecule acquires in 
some manner one or more additional 
electrons, which have been ejected 
from other atoms or molecules, a nega- 
tive ion is formed. As a general rule, an 
ion-pair consisting of a positive and a 
negative ion or, more commonly, of a 
positive ion and an electron, is pro- 
duced in every ionization act in a gas.* 


Tue Srrucrurs of the NucLEUs 

4.32. The problem of the structure 
of the atom thus divides itself into two 
virtually distinct parts: first, a con- 


* The 
noribed in 


sideration of the small, central nucleus 
which carries the positive charge and 
essentially the whole mass of the atom, 
and second, the arrangement of the 
extranuclear or orbital electrons with- 
in the considerably larger space avail- 
able to them. The former aspect will 
be dealt with somewhat briefly here, 
but it will be taken up again later 
(§ 4.83) when further information has 
been presented. 

4.33. Since the lightest positively 
charged particle known before 1932 
was the proton,f it was naturally as- 
sumed that atomic nuclei were built up 
of a system of closely packed protons. 
The mass of the proton is approxi- 
mately unity on the ordinary atomic 
weight scale and it carries a single 
positive charge. In order to account 
for the mass of a nucleus of atomic 
weight A, it was therefore necessary to 
suppose that it contained A protons. 
However, if this were the case, the 
number of unit positive charges on the 
nucleus would be the same as the 
atomic weight, whereas it has been 
shown to be equal to the atomic num- 
ber Z, which is about half (or less) of 
the atomic weight. It was suggested, 
therefore, that, in addition to protons, 
atomic nuclei contained A — Z (nega- 
tive) electrons; these would contribute 
a negligible amount to the total mass, 
but would make the net positive 
charge, ie, A — (A — Z) = Z, equal 
to the atomic number, although the 
total number of protons (A) would be 
the same as the atomic weight. 

4.34. The view that electrons, as 
well as protons, were present in atomic 
nuclei appeared to receive support 
from the fact that beta particles, i.e., 


expression "ion-pair" should not be confused with "positron-electron" pair, de- 


2.71. 
The PEN of the positron ($ 2.67) has not changed the situation; this particle is not 


a constituent of atomic nuclei, although it is emitted by certain uns 


as explained in $ 10.131. 


(radioactive) nuclei, 
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electrons, are emitted by certain radio- 
active elements, presumably from the 
nuclei of their atoms. Nevertheless, 
there were several difficulties associ- 
ated with the concept of a nucleus con- 
sisting of a closely-packed system of 
protons and electrons, One of the most 
outstanding was the completely inex- 
plicable spin of the nitrogen nucleus, 
to which reference will be made in 
§ 4.87. Consequently, various other 
possibilities were considered. Among 
these was the suggestion, made inde- 
pendently, and almost simultaneously 
in 1920, by three scientists in different 
parts of the world, as mentioned in 
§ 2.115, that a neutral combination of 
a proton and an electron, called a 
neutron, might exist as a constituent 
of atomic nuclei. 

4.35. After the discovery of the neu- 


A CO 

ego o 00) 

® wv) (XO 
H He Li 
Ax! A4 A=T 
Zał Za2 Z=3 


Sourcebook on Atomic Energy 


Chap. 4 


they are the essential constituents of 
atomie nuclei, neutrons and protons 
are commonly referred to by the gen- 
eral name of nucleon.* 

4.36. The mass of a neutron, like 
that of a proton, is close to unity on 
the atomic weight scale, Hence, an 
atomic nucleus, of atomic weight A 
and atomic number Z, contains A nu- 
cleons, consisting of Z protons and 
A — Z neutrons. Since fractions of 
neutrons and protons do not exist, the 
number A is here not really the atomic 
weight but a whole number near to 
the atomie weight. This integer, equal 
to the number of nucleons (neutrons 
and protons) in the nucleus, is called 
the mass number (see also § 6.61). 
Some pictorial representations of the 
structures of a few of the simpler 
atomic nuclei are shown in Fig. 4.4. In 
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Fig. 44. Representation of neutrons (n) and protons (+) in simple atomic nuclei. 


"tron in 1932, W. Heisenberg (§ 3.46) 
- immediately eame forward with the 


idea that the nucleus contains only 
protons and neutrons. Furthermore, 
he showed by means of quantum me- 
chanies that attractive forces could 
exist between these elementary parti- 
cles and they would account for the 


formation of stable nuclei. Heisenberg’ 


considered that the neutron and proton 
could be regarded as different manifes- 
tations of the same fundamental en- 
tity, a view which is now generally 


accepted. For this reason and because 


ordinary hydrogen, mass number A = 
1, and atomic number Z = 1, the 
nucleus consists of a single proton, as 
stated above; in helium, A = 4 and 
Z = 2, the nucleus contains two pro- 
tons and two neutrons; the nucleus of 
the carbon atom (A = 12, Z = 6) is 
made up of six protons and six neu- 
trons, and so on. 

4.37. For elements of low atomic 
weight, the atomic number Z is ap- 
proximately half the mass number A; 
atomic nuclei of such elements thus 
contain almost equal numbers of neu- 


* The term "nuclon" was originally proposed by F. J. Belinfante in Holland in 1939, but 
this was changed to “nucleon,” for etymological reasons, and used by the Danish physicist 


C. Møller in 1941. The use of the word “nuc! 
science and: technology, was proposed by Z. Jeffries in July 1944. 


eonics," to describe the general field ol 


nuclear 
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trons and protons. With increasing 
atomic weight, the atomic number Z 
becomes less than half of A; hence 
A — Z is greater than Z, and the num- 
ber of neutrons in a stable nucleus ex- 
ceeds the number of protons. The mass 
number of uranium, for example, is 
238 and its atomic number is 92, so 
that the nucleus consists of 92 protons 
and 146 neutrons. It will be seen in 
Chapter 12 that these facts are im- 
portant in trying to understand the 
factors which contribute to the stabil- 
ity of atomic nuclei. 

4.38. There is one further point to 
be considered. If nuclei consist essen- 
tially of neutrons and protons, both of 
which have masses of almost unity, 
then the atomic weights of all ele- 
ments should be very close to whole 
numbers. As stated in § 1.39, in con- 
nection with Prout’s hypothesis, a 
surprisingly large proportion of the 
elements do in fact have atomic 
weights which differ from integral val- 


Mass of two protons = 2 
Mass of two neutrons = 2 


ues by no more than 0.1. The apparent 
exceptions arise because many ele- 
ments actually consist of mixtures of 
atoms of different atomic weights, so 
that the average is not a whole num- 
ber. Chlorine, for example, contains 
atoms with atomic weights close to 35 
and 37, and they are present in such 
proportions as to give an average value 
of 35.45. This matter will be under- 
stood more clearly when the concept 
of “isotopes” has been discussed in 
Chapter 6. In the meantime, it may be 
mentioned that if the protyle, which 


- Prout thought to be hydrogen, were 


extended so as to include both protons 
and neutrons, the hypothesis, which 
he put forward on so little evidence 
over a hundred years ago, would be 
accepted at the present day. 


eee 
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STABILITY OF THE 
ALPHA PARTICLE 

4.39. Since alpha particles, i.e., he- 
lium nuclei of mass 4.00, are ejected 
from the nuclei of several radioactive 
elements, and since the nuclei of ele- 
ments whose atomic weights are multi- 
ples of four are known to be exception- 
ally stable (812.49), it was thought 
possible that alpha particles might be 
secondary units of nuclear structure. 
Helium has an atomic weight very 
close to 4 and an atomic number of 2, 
and so its nucleus would consist of two 
protons and two neutrons, as seen 
above. Such a combination would be 
expected to have great stability. One 
way of seeing that this must be so is 
to examine the weights of the alpha 
particle and of its constituent nucleons. 


The mass of a proton in atomic mass . ad 
units (83.82) is 1.00728 and that of, ~ 


the neutron is 1.00867; hence, the total 
mass of the constituents of an alpha. 
particle would be as follows: 


X 1.00728 
X 1.00867 


4.40. The actual ‘mass of an alpha 
particle, i.e, & helium nucleus, ob- 


= 4.0319 amu. 


tained by subtracting the mass of two 


electrons from that of the helium 
atom, is 4.0017. There is consequently 
a decrease of mass, and hence a libera- 
tion of energy (§ 3.76), in the forma- 
tion of an alpha particle from its con- 
stituent nucleons. The loss of mass is 
4.0319 — 4.0017, i.e., 0.0302 amu, and 
by equation (3.17), based on the Ein- 
stein mass-energy relationship, this is 
equivalent to 28.1 MeV. Hence, in the 
formation of a single alpha particle 
from two protons and two neutrons, 
the considerable amount of 28.1 MeV 


of energy, referred to as the binding 


energy, will be released. Conversely, if 
it were required to break up an alpha 
particle into its constituent nucleons, 


A 
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this same large quantity ot energy 
would have to be supplied. This means 
that the alpha particle is extremely 
stable, as implied above. 

4.41. There is a strong possibility, 
as indicated by experiments involving 
the bombardment by particles of high 
energy (cf. Chapter 9), that alpha 
particles, i.e., groups: of two protons 
and two neutrons, may have a tran- 
sient existence, at least, in atomic 
nuclei. These groupings can apparently 
exist in the outer regions of the nu- 
cleus. Normally, they are tightly 
bound in nuclei, so that there is no 
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tendency for alpha particles to be 
emitted unless a large amount of en- 
ergy is supplied in a bombardment 
process. In certain elements, however, 


the binding energy of the alpha par- : 


ticle, as calculated above, exceeds the 
amount of energy required to remove 
two neutrons and two protons in- 
dividually from the nucleus. The ele- 
ment is then radioactive and emits 
alpha particles. Even if clusters of two 
neutrons and two protons are present, 
it is still appropriate to consider all 
nuclei as consisting of protons and 
neutrons. 


THE EXTRANUCLEAR (ORBITAL) ELECTRONS 


ATOMIC SPECTRA 


4.42. À great deal of information 
.eoncerning the arrangement of the 
electrons surrounding atomic nuclei 
has been obtained from the study of 
atomie spectra. When a substance is 
heated sufficiently strongly in a flame 
or by means of an electric arc or spark, 
or, if it is gaseous, an electrical dis- 
charge is passed through it, radiation, 
mainly in the visible and ultraviolet 
range, is often emitted. If the rays are 
examined in a spectroscope, which is 
an instrument for splitting up complex 
radiation into its components of differ- 
ent wave length (or frequency), a 
definite pattern of lines, known as a 
spectrum, appears. This spectrum is 
characteristic of the element or ele- 
ments present in the material emitting 
the radiations; it is usually called an 
atomic spectrum, since it originates in 


the atom of the element. The lighter - 


atoms, such as hydrogen and helium, 
yield fairly simple spectra, with a rela- 
tively small number of lines, but for 
some of the heavier atoms the spectra 
may consist of hundreds of lines. As a 
result of much painstaking work, the 


wave lengths of the spectral lines of 
most elements are now known with 
considerable accuracy, and various nu- 
merical relationships have been dis- 
covered to exist among them. These 
have proved of great value in the con- 
struction of a theory of atomic spectra, 
which is closely related to the problem 
of the extranuclear electrons. 

4.43. According to Maxwell’s elec- 
tromagnetic theory of light (§ 3.23), 
the emission of radiation, such as the 
characteristic spectrum of an element, 
is due to an oscillating electrical sys- 
tem. Concurrently with the growth of 
the concept of the electron as the unit 
of charge, there was the parallel devel- 
opment of the idea that these spectra 
were related to a vibrating electronic 
charge within the atom. Suggestions 
of this kind were made in the early 
1890s by several scientists, including 
G. J. Stoney, G. F. Fitzgerald, H. 
Ebert, and, in particular, J. Larmor 
(1894) and H. A. Lorentz (1895) who 
treated the mathematical aspects of 
the problem in some detail. Even be- 
fore the publication of J. J. Thomson’s 
work which established the existence 
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of the electron as a definite entity, the 
Lorentz theory was used to explain the 
effect of a magnetic field in splitting 
spectral lines as observed by P. Zeeman 
(8 2.55). This, somewhat fortuitously, 
led to a value of the specific charge of 
the electron in agreement with that 
derived by more direct, methods. 
4.44. When Nagaoka proposed his 
Saturnian atom ($4.6), he suggested 
that atomic spectra might be due to 
“the oscillatory motion of electrons re- 
volving in circular orbits,” but this 
view was untenable, as will be seen 
from the following arguments. To ac- 
count for the fact that electrons did 
not fall into the positively charged nu- 
cleus as a result of electrical attraction, 
Rutherford found it necessary to pos- 
tulate a rapid rotation of the electrons 
around the nucleus, somewhat similar 
to the rotation of planets around the 
sun. The inward attractive force was 
supposed to be balanced by the out- 
ward centrifugal force. However, the 
analogy between an atom and the sun’s 
planetary system is fallacious, because 
the particles in the atom are electri- 
cally charged. By the electromagnetic 
theory, the rotating electron should 
continuously emit energy as radiation 
during its motion, but if this were the 
case the radius of curvature of its orbit 
would steadily diminish. The electron 
would thus follow a spiral path and 
eventually fall into the nucleus. Fur- 
ther, if the spectrum were related to 
the energy radiated by the moving 
electron, this energy would be chang- 
ing with the radius of curvature of the 
path. Atomic spectra would thus cover 
a continuous range of wave lengths in- 
stead of consisting of well defined lines. 


Bonn's THEORY OF 
STATIONARY STATES 


4.45. In order to overcome these dif- 
ficulties, the Danish physicist, Niels 


Bohr (Fig. 4.5), then working in Ruth- 
erford’s Manchester laboratory, made 
in 1913 the surprising Suggestion that, 
contrary to the requirements of classi- 


Fig. 4.5. Niels Bohr A ecb (Wide 
World Photos) 


cal electromagnetic theory, an electron 
does not radiate energy while it is 
moving in a closed orbit, Such an orbit 
would consequently be stable, and it 
would represent what Bohr called a 
stationary state of the atom. It was 
postulated that several stationary 
states were possible, the energy being 
constant in each state, but differing 
from one state to another. The pro- 
duction of a spectral line of definite 
frequency was then attributed to the 
radiation of energy associated with the 
transition or “jump” of an electron 
from a state of higher energy to one of 
lower energy, the frequency (or wave 
length) being related to the energy 
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change by means of the quantum the- 
ory equation. 

4.46. If E; is the energy of the atom 
in a state of higher energy (initial 
state) and E, is the value in the state 
of lower energy (final state), then an 
electronic transition from the former 
to the latter state will be accompanied 
by the emission of energy E; — Ei. By 
Planck’s quantum theory equation 
(3.2), it follows that the frequeney » 
and wave length \ of the correspond- 
ing spectral line are given by 

E, — Ei 
r= à (4.2) 
and 


[2 hc 
v E: "gt Ey 
where h is Planck's constant and c is 
the velocity of light. Hach particular 
energy transition, from one state to an- 
other, should thus result in the forma- 
tion of a spectral line whose frequency, 
or wave length, is given by equation 
(4.2), or (4.3). Since several different 
stationary states are possible in every 
atom, there should be a number of 
transitions and hence a series of lines 
should be observed in the spectrum. 
4.47. If a substance is exposed to 
conditions under which the absorption 
of energy is possible, e.g., by the use of 
high temperature or a suitable electri- 
eal discharge, the electrons, which are 
normally in their lowest energy state, 
or ground state, are presumed to take 
up energy and to pass into states of 
higher energy. These are known as 
excited states of the atom. The spon- 
taneous return of the electrons from 
the higher to the lower states should 
result in the liberation of specific 
amounts of energy, each such tran- 
sition giving a line of definite fre- 
quency (or wave length) in ,the 
- spectrum (Fig. 4.6). Since many dif- 
= 


= (4.3) 
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ferent energy states are possible in 
every atom, numerous lines may be ob- 
served. It might be imagined that the 
spectra of atoms of high atomie num- 
ber, which have a large number of elec- 
trons, would give extremely complex 
spectra. This is not altogether true, 
provided the temperature is not very 
high. It has been established that, 
under moderate conditions, only a 
few—usually one, two, or three—of the 
outermost electrons are concerned in 
the formation of ordinary, or optical, 
spectra. However, even this small 
number is sufficient to introduce many 
complications. 


HIGHER ENERGY 
(EXCITED) 
STATES . 


LOWEST ENERGY 
(GROUND) STATE 
Fic. 4.6. Transitions of electrons from 
higher to lower energy states giving spec- 
tral lines. 


4.48. The energy differences of suc- 
cessive electronic states involved in the 
formation of optical spectra can be de- 
termined directly in some instances, 
and the values have been found to be 
of the order of 1 to 10 electron volts 
(§ 3.38). The frequency or wave length 
of the corresponding radiation can be 
calculated by means of the quantum 
theory equations (4.2) or (4.3), respec- 
tively. Utilizing the known values of 
h (6.626 X 10-7? erg sec) and c (2.998 
X 10" em per sec) and recalling that 
1 eV is equivalent to 1.602 X 10-” erg, 
it is readily found from these equa- 
tions that 

E, — Es (eV) 


» (per sec) = Free x igs 9 
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and i 
1.239 X 10-4 


d (em) = E: — F ev). (4.5) 


Suppose, for example, the difference 
of energy between two electronic states 
involved in a particular transition is 


exactly 2 eV; it follows immediately - 


from equation (4.5) that the wave 
length of the emitted radiation should 
be 0.6195 X 10 em, or 6195 A. This 
would represent a line in the visible 
region of the spectrum ($82.16). A 
larger value of the energy difference 
would mean a shorter wave length, so 
that the spectral line might a in 
the ultraviolet region. 

4.49. According to the T 
ideas of the time, Bohr's approach was 
somewhat contradietory, for he had to 
make two assumptions: first, to use his 
own words, that “the dynamical equi- 
librium of the systems in the stationary 
states can be discussed by help of the 
ordinary mechanies . . . [and second, 
that]. . . the passing of the systems 
between different stationary states 

. is followed by the emission of a 
homogeneous radiation, for which the 
relation between the frequency and the 
amount of energy emitted is the one 
given by Planck’s theory. . . . The 
second assumption is in obvious .con- 
trast to the ordinary ideas of electro- 
dynamies, but appears to be necessary 
in order to account for the experimen- 
tal facts.” Bohr's justification was 
consequently that atomie spectra could 
not be correlated with the nuclear 
atom in any other way. 

4.50. By assuming further that the 
electrons moved in circular orbits and 
that the angular momentum* mvr— 
where m is the mass of the electron, and 
v is its velocity in the orbit of radius 
r—is quantized, that is to say, it is re- 


stricted to certain values which are in- 
tegral multiples, e.g., 1, 2, 3, . . . , n, 
of a definite quantity, 1/2», Bohr was 
able to evaluate the energies for the 
possible stationary states of the hydro- 
gen atom. Upon inserting these results 
into equation (4.2) or (4.3), the fre- 
quencies or wave lengths of the lines 
in the hydrogen spectrum were deter- 
mined and found to be in remarkable 
agreement with the experimental val- 
ues. This agreement represented a 
great triumph for Bohr's theory, in 
spite of its foundation upon postulates 
which appeared to conflict with each 


; other. 


Quantum NUMBERS 


4.51. The energy values calculated 
for the various possible stationary 
states were found to be dependent on 
the integral multiples of the angular 
momentum referred to above; hence, 
each postulated energy state could be 
associated with a principal quantum 
number, n. Furthermore, each state 
corresponded to a definite circular 
orbit, the radius of which was also 
determined by the quantum number; 
thus, for any orbit of quantum num- 
ber n, Bohr showed the radius ra of a 
hydrogen atom to be given by 


Ta = 0.58 X 10-5 X n? cm.. (4.6) 


In view of subsequent developments 
in wave mechanies (8 4.56), it is doubt- 
ful if these orbital radii have any 
real significance. The value of r for the 
innermost orbit, with n = 1, is seen to 
be 0.53 X 10-5 em, which is very close 
to the accepted value for the normal 
radius of the hydrogen atom. In the 
higher energy states, i.e., for n = 2, 3, 
etc., the apparent orbital radii are seen 
to increase rapidly; thus, 2.12 A for 
n = 2, 4.77 A for n = 3, and so on. 


* Any body which rotates (spins) about its own axis or revolves in an orbit about a central 
r momentum. 


-point (or both) possesses a; 


* 


112 


4.52. In Bohr’s original theory, the 
electron orbits had to be circular, but a 
later modification in 1916, due mainly 
to A. Sommerfeld in Germany, showed 
that by introducing a subsidiary quan- 
tum number, often called the orbital 
(or azimuthal) quantum number, ellipti- 
eal as well as circular orbits became 
possible. This number, like n, is related 
to the angular momentum of the elec- 
tron due to its motion around the 
nucleus. For each particular value of 
the principal quantum number n, only 
certain values of the orbital quantum 
number / were permitted ; these varied, 
by steps of unity, from zero to n — 1.* 
Thus if n was 4, then l could be 0, 1, 2 
or 3, but nothing else. The orbit with 
n = 4 and l = 3 was supposed to be 
circular, but the others were ellipses of 

increasing eccentricity as the value of l 
decreased. With the increased number 
of energy states permitted by the addi- 
tional quantum numbers, it was found 
possible to account for the detailed 
structure of the lines of the hydrogen 
spectrum, and also for many of the 
characteristic features in the spectra 
of other atoms. 

4.53. Subsequently, a magnetic quan- 
tum number m was introduced with 
permitted integral values, including 
zero, ranging from l to —l, that is, 
3, 2, 1, 0, —1, —2, —3 for l = 3, to 
account for the behavior of spectra in 
magnetic fields. There is thus a total 
of 21 + 1 values for m for each value 
of l. The different values of m are 
supposed to represent different orienta- 
tions in space of the possible circular 
or elliptical orbits in a magnetic field. 

4.54. Finally, a fourth quantum 
number, the spin quantum number, 
had to be postulated to account for the 
previously unexplained close grouping 
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of two, three, or more spectral lines. 
Apparently every electron possesses an 
angular momentum about its axis 
which, in mechanistic terms, can be 
regarded as being due to spin. In a 
magnetic field, the spin axis can have 
two directions, and two directions 
only, relative to the field. There are 
thus two possible electron spin projec- 
tions (or components) for every combi- 
nation of the other three quantum 
numbers. These will be indicated by 
the symbols + and —, to imply oppo- 
site directions of spin. It is a curious 
fact that, although the quantum num- 
bers n, l, and m can have only integral 
values in terms of h/2z, the spin quan- 
tum number of the electron is 14; that 
is to say, it can have components of 
either +14 or — 14, depending on the 
spin direction. For simplicity, the 
numerical value will be omitted in 
the subsequent discussion and only the 
sign will be indicated. 

4.55. If the principal quantum num- 
ber n is 4, there can be four values of 
l, and a total of 16 values of m, each 
of which can be associated with posi- 
tive or negative spin directions. There 
are thus 32 possible states, each with a 
slightly different energy, within the 
same (fourth) electronic level. Simi- 
làrly there are 18 possible states in the 
third (n = 3) level, and eight in the 
second (n — 2) level. If transitions 
could occur between all these levels, 
the number of spectral lines would be 
enormous. Actually, certain transitions 
are "allowed," whereas others are said 
to be "forbidden," meaning that the 
probability of their oceurrence is large 
or vanishingly small, respectively. The 
restrictions thus introduced by certain 
well defined selection. rules, as they are 
called, serve to limit to a considerable 


* In Sommerfeld's original treatment this subsidiary quantum number was represented by 


k, and its 


ible values ranged from 1 to n. These have beer 
conform with later developments based on wave mechanics. 


n ci in the text so as to 
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extent the number of lines in the spec- 
trum of any given element. 


Wave MECHANICS AND 
ELECTRON ORBITS 


4.56. Before proceeding to examine 
the consequences of the four quantum 
numbers described above, it is neces- 
sary to sound a note of caution. In the 
Bohr theory, and in its subsequent 
modifications, it was assumed that 
both the position, in a definite orbit, 
and the angular momentum of the 
electron are known. But according to 
the uncertainty principle (§ 3.46), this 
is impossible. If the momentum of the 
electron is known exactly, then there 
must be an uncertainty with regard to 
the position of the orbit, and the extent 
of this indefiniteness is appreciable in 
comparison with the size of an atom. 
For this reason, it was stated above 
that the calculated radii of the electron 
orbits of the hydrogen atom are of 
doubtful significance. 

4.57. By using the methods of wave 
mechanics which, as seen in §3.50, 
should always be employed when deal- 
ing with particles of atomic (or smaller) 
dimensions, many of the apparent in- 
consistencies of the Bohr treatment 
have been removed. There is no longer 
any necessity to combine classical 
electrodynamics with quantum me- 
chanics, and there is no need to make 
assumptions which were introduced in 
the original theory chiefly because they 
led to correct results. The same equa- 
tions have now been developed in a 
much more consistent manner, and the 
quantum numbers n, l, and m, instead 
of being somewhat arbitrary, emerge 
as a natural consequence.* Further- 
more, the selection rules, which define 
the permitted and forbidden electronic 
transitions, are readily derived. It is 
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true that Bohr had deduced similar 
rules in a very ingenious manner, but 
the arguments were less satisfactory 
than those based on wave-mechanical 
considerations. 

4.58. The mathematical consistency 
thus gained has, unfortunately, been 
accompanied by a corresponding loss 
in terms of physical reality. The sta- 
tionary electronic states of the atom 
are now referred to as its electronic 
energy levels, and the transition from 
one level to another is accompanied by 
emission of a spectral line whose fre- 
quency is still given by equation (4.2). 
But whereas in the older theory such & 
transition could be pictured as a jump 
of an electron from one orbit to an- 
other, this is no longer possible. For 
one thing, it is not permitted to think 
of an electron orbit as a specific path 
in which an electron moves around the 
nucleus. The definite orbit has been 
replaced by a mathematical function, 
sometimes referred to as an orbital, 
which represents the distribution of 
the electron in the space occupied by 
the atom. Some writers think of the 
electron as spread out into a cloud of 
electricity rather than as a particle, 
the orbital giving the density of the 
cloud at any location within the atom. 
An alternative point of view, as ex- 
plained in Chapter 3, is to regard the 
electron essentially as a particle, and 
to interpret the orbital as determining 
the statistical probability of finding 
the electron’ in any given position 
about the nucleus. 

4.59. Although the latter interpre- 
tation will be adopted here, it is ap- 
parent that in neither case is there 
anything approaching a finite electron 
orbit. It is of interest that, when the 
quantum numbers n and J are such 
that the state is equivalent to a cir- 


* In addition, the spin quantum number is a direct result of P. A. M. Dirac's relativistic 


theory of the electron. 
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cular orbit of the Bohr-Sommerfeld 
theory, i.e., | = n — 1, th» probability 
of finding the electron at any point is 
greatest at the distance represented by 
the corresponding Bohr radius. How- 
ever, whereas the older theory requires 
the electron to remain at this distance, 
while in that particular energy state, 
wave mechanies implies that there is 
a definite, but smaller, probability 
that it will be found at points both 
nearer and farther from the nucleus. 
When the quantum numbers corre- 
spond to elliptical orbits, the correla- 
tion between the older and newer 
theories is less obvious. 

4.60. The purpose of the foregoing 
remarks has been not so much to ex- 
plain the physical significance of an 
electron orbit as to emphasize the 
difficulty of providing such an ex- 
planation. It is still the practice in 
some publications to pieture an atom 
as consisting of a central nucleus with 
a number of electrons moving around 
it in definite orbits, oriented in various 
directions in space. If the uncertainty 
principle and wave mechanics have 
any meaning, and it seems reasonably 


sure that they have, then such pictures | 


are misleading. They attempt to give 
reality to a state of affairs within the 
atom to which, at least at present, no 
reality can be given. Perhaps if these 
atomic diagrams were to be regarded 
as purely symbolic their use might be 
justified; nevertheless, there is always 
the danger that they may be inter- 
preted too literally. 

4.61. It is true that physicists, al- 
though realizing its limitations, still 
frequently employ the Bohr-Sommer- 
feld atom model, because the calcula- 
tions are simpler than those based on 
wave mechanics. The spectroscopist 
G. Herzberg has stated: “The fact that 
even in wave mechanics each station- 
ary state of the atom has a perfectly 
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definite angular momentum shows that 
the atom can still be regarded as con- 
sisting of electrons rotating about a 
nucleus, as in the original Bohr 
theory,” but he is careful to emphasize 
that “we must not, however, speak of 
definite orbits.” 


Tue PAULI EXCLUSION PRINCIPLE 


4.62. Both wave-mechanical theory 
and the experimental facts of atomic 
spectra require the three quantum 
numbers, designated above by the let- 
ters n, l, and m, to describe each 
energy level of an atom. In addition, 
the observations indicate the necessity 
of the spin quantum number s, which 
also finds a logical place in wave me- 
chanics. It may be regarded as estab- 
lished, therefore, that, as far as is 
known at present, electronic energy 
levels, which are those concerned in 
atomic spectra, can be fully described 
by means of appropriate values of the 
four quantum numbers n, l, m, and s. 
Those permitted by wave mechanics 
are the same as were derived from the 
older theory as given in § 4.51 et seg., 
although they do not necessarily have 
the same physical significance. 

4.63. So far nothing has been said 
about the distribution of the extranu- 
clear (orbital) electrons among the 
permitted quantum states or about its 
physical equivalent, that is, the ar- 
rangement of the electrons in space. 
The higher the principal quantum 
number n, the more time will the elec- 
tron spend at a farther distance from 
the nucleus, and so there is a relation- 
ship between these two aspects of elec- 
tronic distribution. Even in 1897, 
when J. J. Thomson first realized that 
the electron might be a universal con- 
stituent of matter (§ 2.46), he com- 
pared the electrons in an atom to a 
system of floating magnets which 
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formed a stable system of groups ar- 
ranged in concentric rings. Later, in 
1904, when he developed his theory of 
atomic structure, Thomson said that 
“the corpuscles [i.e., electrons] will 
arrange themselves in a series of . . . 
concentric shells." Furthermore, as 
Stated earlier, he realized that there 
must be a connection between the vari- 
ation in the properties of elements as 
exemplified by the periodic system and 
the arrangement of the electrons about 
the nucleus. In the years 1913 and 
1914, Bohr, Rutherford, and Thomson 
all pointed out that the extranuclear 
(orbital) electrons, and particularly 
those in the outermost groups or shells, 
were responsible for the chemical 
properties as well as for the spectra of 
the various elements. Hence, the prob- 
lem of the arrangement or configura- 
tion of the electrons around the.nu- 
cleus became of interest to the chemist 
as well as to the spectroscopist. 

4.64. Although this problem was es- 
sentially solved by 1924, on the basis 
of a careful study by many scientists 
of the chemistry, the optical and X-ray 
spectra, and the magnetic properties of 
the elements, an important coordinat- 
ing principle, known as the exclusion 
principle, was enunciated in 1925, by 
the Austrian-born, mathematical phys- 
icist W. Pauli. In the terms applicable 
to the problem of the distribution of 
the extranuclear electrons, the prin- 
ciple may be stated in the following 
form: it is impossible for any two elec- 
trons in the same atom to have their 
four quantum numbers identical. In 
other words, no more than one electron 
can occupy each possible energy state, 
as defined by the four quantum num- 
bers (§ 4.55).* 


* The Pauli exclusion principle is aj 
quantum number of l6, in terms of tl 
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4.65. This simple idea, in conjunc- 
tion with the rules which give the per- 
mitted values for the quantum num- 
bers n, l, m, and s, leads to some inter- 
esting consequences. Consider, first, 
the group for which the principal quan- 
tum number n is 1; the only possible 
values of m, l, and s which satisfy the 
conditions given in 84.51 et seq, as 
well as the exclusion principle, are 
then as follows: 


|loo- 


n 
l 
m 
8 


+oor 


There can consequently be no more 
than two electrons in the first (n = 1) 
quantum group. 

4.66. In the second group, with n = 
2, there are eight, possibilities, thus: 


fuil deen Der 2: Derg By «2:32 
hee VRTE MTTP UUA SEES? TETAS EEN SENA À 
m 0 0-1-1 0 04141 
s +o tooto Ho 


It is seen that in no case are all four 
quantum numbers identical, so that 
there can be up to eight electrons, and 
no more, in the second principal quan- 
tum group. Of these eight electrons, 
two havel = 0, and six have | = 1. 
4.67. By working in this manner, the 
results in the accompanying table may 
be derived for the maximum numbers 
of electrons corresponding to n values 
from 1 to 5, for each of the permissible 
l values. Attention may be called to 
the fact that the total maximum num- 
bers in the successive principal qi 
tum (n) levels are 2, 8, 18, 32, and 50, 
which may be written as 2 X 1?, 2 X 


licable to all particles with a spin angular momentum 
the h/2x unit; examples are electrons, muons, protons, 


and neutrons (ef. § 20.28). If two such particles of IAS type are in n same energy state 


Five, then their spins must be in opposite 


ctions, represented by the components 
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DISTRIBUTION or ORBITAL ELECTRONS 
IN Quantum GROUPS 


Imam pira uw gung 


Mazimum Number of 
Electrons Total 
n=l 2 — Serie ree 2 
Sud iB ee vemm 8 
85521540257 CO m at ao ES, 
4 2 6 10 14 m 32 
5 2 6 10 14 18 50 


2, 2 X 3%, 2 X 4%, and 2 X 5?, respec- 
tively. The maximum numbers are 
thus proportional to 1?, 2?, 3*, 4*, and 
5%. This is in general accord with the 
idea that the higher the value of the 
principal quantum number n, the more 
time do the electrons spend at an in- 
creasing distance from the nucleus. The 
greater the distance, the more the 
space available, and hence the larger 
the number of electrons that can be 
accommodated. As an approximation, 
therefore, the principal quantum num- 
bers may be regarded as representing 
a series of spherical shells, of increasing 
radius, about the central nucleus. The 
first can accommodate a maximum of 
two electrons; the second, eight; the 
third, 18; and so on. 


Tue PERIODIC SYSTEM AND 
THE ORBITAL ELECTRONS 


4.68. By ineans of the results given 
in the foregoing table many of the gen- 
eral features of the periodic system of 
the elements can be interpreted. If, in 
addition, information obtained from 
atomic spectra, from the characteristic 
X-rays, and from chemistry is utilized, 
it is possible to deduce the details of 
the arrangement of the extranuclear 
electrons in the atoms of- most ele- 
ments. The general procedure is to 
imagine the electrons, equal in number 
to the positive nuclear charge, i.e., to 
the atomie number of the element, to 
be added to the system one at a time 
until the complete atom is built up. It 
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is then necessary to find in which quan- 
tum level each successive electron is 
accommodated. This apparently ardu- 
ous procedure is greatly simplified by 
assuming that the main inner electron 
grouping of any atom is generally the 
same as that of the element preceding 
it in order of atomic number. All that 
is usually required, then, is to deter- 
mine the position of the additional 
electron which distinguishes one ele- 
ment from the next in the periodic 
table. Thus, starting with hydrogen, 
which has one electron, its position is 
established as being in the n — 1 level; 
then with the next element, helium, 
the additional electron completes this 
group. In the third element, lithium, 
it is concluded from its chemical and 
spectroscopie properties that the extra 
electron must enter the second prin- 
cipal (n = 2) quantum level. This pro- 
cedure is continued throughout the 
series of elements. In a few instances 
the assumption that the inner group- 
ing is unchanged from one element to 
the next higher one does not hold, but 
there are definite indications when this 
is the ease and due allowance can be 
made. 

4.69. One of the many interesting 
results which have emerged from con- 
siderations of the type just, described 
is that the principal quantum levels do 
not fill up with electrons strictly in the 
order 1, 2, 3, 4, ete. Whenever the out- 
ermost group, other than the first, con- 
tains eight electrons, the next electron 
goes into a higher principal quantum 
level, irrespective of whether any va- 
cant places remain to be filled or not. 
The result is the regular repetition of 
properties at definite intervals, as ex- 
emplified by the periodie system; the 
completion of each period, after the 
first, is marked by the presence of 
eight electrons in the highest quantum 
level. The number of electrons in the 
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various principal quantum levels for 
the elements of Group 0 of the periodic 
table, i.e., the so-called inert (or noble) 
gases of the atmosphere (§ 1.47), are 
shown below. It will be seen that with 


ARRANGEMENT OF ELECTRONS 
IN Group 0 ELEMENTS 


»-1|2|s|4|s]e 


Atomic | Number of electrons in 
Element | Number quantum levels 
Helium 2 2. [mirma 
Neon 10 23 | ape | ihe 
Argon 18 2 [8[|/'8|—|—]— 
Krypton| 36 2 |8/|18| 8|—|— 
Xenon 54 2 |8]|18|18|] 8|— 
Radon 56 2 |8/|18|32|18| 8 


xenon, for example, eight electrons 
have entered the fifth (n = 5) princi- 
pal quantum level, although there are 
still 14 vacancies in the fourth (n — 4) 
level. The same is true for radon, which 
contains electrons in the sixth (n — 6) 
level, although the fifth (n — 5) quan- 
tum level is far fróm complete. 

4.70. Attention must be drawn to a 
number of aspects of the table given 
above. First, it will be seen from the 
last line that, when completed, the first. 
four groups contain 2, 8, 18, and 32 
electrons, respectively, as required by 
the exclusion principle. Second, the 
numbers of elements in successive 
periods of the periodie system, which 
are equal to the differences in the 
atomic numbers of the Group 0 ele- 
ments, are 2, 8, 8, 18, 18, and 32. The 
increase from 8 to 18, and from 18 to 
32, is evidently accounted for by the 
possibility of a larger number of elec- 
irons entering the highér quantum 
levels. Finally, it will be noted that 
the difference between 18 and 32 elec- 
trons in the fourth (n — 4) quantum 
level accounts exactly for the known 
number of elements in the rare earth 
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(or lanthanide) series ($1.48). It is 
not unexpected, therefore, that a 
similar group—the actinide series— 
should exist beyond radon, as the fifth 
(n = 5) quantum level fills up from 18 
to 32. " 


CHARACTERISTIC X-Rays 


4.71. The characteristic X-rays of 
the elements, or X-ray spectra, as they 
are often called, differ in one important, 
respect from the ordinary or optical 
spectra considered above. In the for- 
mer case, the wave lengths (or frequen- 
cies) for a particular type of X-ray, 
namely K, L, M, etc., vary regularly 
from one element to the next, with in- 
creasing atomic number, as was first 
shown by Moseley (§ 4.24), and sub- 
sequently verified by others. With op- 
tical spectra, however, there is a peri- 
odieity, analogous to that observed 
with many other physical and chemical 
properties. The reason for this differ- 
ence is that optical spectra are due to 
energy transitions involving the outer- 
most electrons, and the arrangement 
of these among the quantum levels has 
a periodic character, as just indicated. 
The characteristic X-rays, on the other 
hand, must be caused by transitions of 
another kind. If an atom absorbs a 
sufficiently large amount of energy, 
very much larger than that required 
for the production of optical spectra, 
one or more of the electrons from an 
inner quantum level will be raised to a 
much higher level, or even completely 
ejected from the atom. The vacancy so 
created will then immediately be filled 
by another electron moving into the 
lower level from one of the upper elec- 
tronic energy levels; in doing so an 
X-ray line characteristic of the ele- 
ment will be produced. 

4.72. Calculations show that, if the 
initial absorption of energy results in 
the ejection of one of the two electrons 
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in the first (n = 1) principal quantum 
level, the X-rays produced, as another 
electron moves into the vacancy, be- 
long to the K series. For this reason 
the first quantum level is frequently 
referred to as the K level. Similarly, 
X-ray lines in the L series are ob- 
tained when the absorption of energy 
by an atom causes an electron in the 
second (n = 2) quantum group, also 
called the L level, to be transferred 
to a higher level. Members of the M 
series result from the removal of an 
eleetron in the third (n — 3) quantum 
level or M level, and so on (Fig. 4.7). 


Mood 


L (w* 2) 


Fia. 47. Interpretation of characteristic 
X-rays in terms of energy levels. 


4.73. If any one X-ray series, say 
the K series, is considered, it can be 
seen that in passing from one element 
to the next of higher atomic number, 
the electronic transition responsible 
for the X-ray remains essentially un- 
affected. In each case, an electron 
from one of the higher energy levels 
must move into the vacant position 
in the K level. There will, of course, 
be small differences in the energy with 
increasing atomic number, and hence 
the wave lengths (or frequencies) of 
the characteristic X-rays should vary 
gradually from one element to the 
next, as is actually observed. 
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4.74. The amount of energy re- 
quired to produce a particular char- 
acteristic X-ray line can be readily 
ealeulated by means of the Planck 
quantum theory, equation (4.4) or 
(4.5) being especially convenient for 
this purpose. One of the K lines of the 
element tungsten, for example, has a 
wave length of 0.213 A, i.e., 0.213 X 
10-3 em. Upon inserting this figure 
into equation (4.5), the corresponding 
energy change is found to be 58,200 
eV. Consequently, at least 58,200 eV 
(or 58.2 keV) of energy must be sup- 
plied in order to excite this particular 
X-ray line of tungsten. Because the 
emission of the lines of the K series 
must be preceded by the ejection of 
an electron from the innermost energy 
level, where the electrons are held 
most tightly, large amounts of energy 
are needed. As might be expected, 
smaller energies are required to excite 
the L series, and still less for the M 
series, and so on, since the electrons 
are ejected from levels where they are 
less and less strongly held. The wave 
lengths increase accordingly and the 
corresponding X-rays have dimin- 
ished penetrating power, i.e., decreas- 
ing hardness (§ 2.92).* 

4.75. Attention should be called 
here to the fact that the foregoing in- 
terpretation applies only to the char- 
acteristic X-rays of the various ele- 
ments. As usually produced, by permit- 
ting.a stream of fast-moving electrons 
to impinge on a metal anticathode 
(§ 2.91), the X-rays invariably cover 
a considerable range of wave lengths, 
often including the characteristic rays 
of the metal. These continuous X-rays 
do not result from electronic transi- 
tions within the atom, as described 


* The energies necessary to excite X-rays are much greater than those required to pro- 


duce optical s] 


ctra, since the latter are associated with transitions between the outermost 


electronic levels. Thus, X-ray energies are generally in the kilo-electron volt range, whereas 


a few electron volts will excite optical 
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above, but are due to the interaction 
of the high-speed electrons with the 
anticathode material. When a fast- 
moving electron approaches the nu- 
‘cleus of an atom the electrical inter- 
action causes the electron to be de- 
flected. This deflection is equivalent to 
an acceleration with reference to the 
original direction of motion and, hence, 
in accordance with Maxwell’s electro- 
magnetic theory, must be accompanied 
by the emission of radiation. The re- 
sulting loss of energy causes the elec- 
tron to slow down, so that the radiation 
is commonly referred to by the Ger- 
man name of bremsstrahlung, literally 
“braking (or slowing down) radiation.” 
The continuous X-rays from an anti- 
cathode bombarded by high-speed 
electrons are thus bremsstrahlung. As 
a general rule, the fraction of the 
kinetic energy of the electron con- 
verted into radiation in this manner 
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inereases with the energy of the elec- 
tron and with the atomic number of 
the material in which it is slowed down. 

4.76. The frequency (or wave 
length) of the radiation is related, by 
means of the Planck equation, to the 
energy lost by the electrons. In an 
X-ray tube the electrons will have 
passed through a potential of a thou- 
sand to a million volts, so that their 
energies are 10? to 10° eV, i.e., about 
1 keV to 1 MeV. It can be readily cal- 
culated from equation (3.6) that, if 
all the energy is converted into radia- 
tion, the corresponding wave lengths 
will be from 107" to 10-” em, which 
is the X-ray region shown in Fig. 3.4. 
Since various electrons lose different 
amounts of energy, the X-rays pro- 
duced will cover a range of wave 
lengths, the values caleulated above 
representing the minima for the re- 
spective electron energies. 


MUONIC AND MESONIC ATOMS AND X-RAYS 


Muonic anb Mxsowic ATOMS 


4.77. A negatively charged muon or 
pi- or K-meson, such as may be present 
in cosmic rays or produced in the labo- 
ratory ($2.128 et seq.), slows down 
very rapidly in matter, in an interval 
of time that is small even compared to 
its very short life. The slow, i.e., low- 
energy, negative particle can then be 
trapped by an atomic nucleus into a 
permitted (or stationary) energy level; 
such a level is quite analogous to the 
energy levels (or orbitals), considered 
above, that can be occupied by elec- 
trons. The combination of nucleus and 
negative particle, which has but a 
transient existence, as will be seen 
below, -is called a muonic or mesonic 


* There is also evidence for the existence of even more transient hyp 


(or mesic) atom, according to the 
nature of the negative particle.* 

4.78. The energy levels in the mu- 
onic and mesonic atoms, like the 
electronic levels in an ordinary atom, 
have definite quantum numbers, but 
they differ in an important respect. 
For a given value of the principal . 
quantum number, n, for example, a 
muon or a meson would, on the aver- 
age, be very much closer to the 
nucleus than an electron because of 
the larger mass. The effective radii of 
the so-called orbits of the muon or 
meson can be readily obtained from the 
Bohr theory or its equivalent in wave 
mechanics. The muonie or mesonic 
atom, with a single muon or meson, 


eronic atoms, in which a 


negative X (Sigma)-hyperon, with a mass 1.27 times that of a proton (§ 20.95), occupies an 


extranuclear energy level. 
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behaves like a hydrogen atom with a 
single electron, although the nuclear 
charge is that of the nucleus which 
has captured the muon or meson, Such 
a combination is referred to as a hy- 
drogenic (or hydrogen-like) alom.* By 
applying the Bohr theory, it is then 
found that the effective radius, for the 
principal quantum number n, is given 
by equation (4.6) divided by Zmp, 
where Z is the charge on the nucleus 
and mo is the rest mass of the muon or 
meson relative to that of the electron. 
For a kaon, ms is about 967, for a pion 
it is 273, and for a muon 207; conse- 
quently, these particles will be very 
much closer to the nucleus than would 
an electron with the same principal 
quantum number. ; 


MuoNic AND Mesonic X-Rays 


4.79. At first, the negative muon or 
meson will be trapped in one of the 
outer energy levels. It will, neverthe- 
less, be very close to the nucleus and, 
as a result of electrostatic attraction, 
it will make a transition to the next 
inner level, and then to the next, and 
so on. Every transition, as is the case 
for electronic transitions, will be ac- 
companied by the emission of radiation 
of a definite energy and wave length. 
For electronic transitions, the corre- 
sponding energies would be in the 
electron-volt range, and the wave 
lengths around 10-* cm; the radiation 
is then in (or near to) the visual region 
of the (optical) spectrum. Because a 
muon or meson is closer to the nucleus 
than an electron, the energy changes 
accompanying the transitions are 
greater, and the wave lengths shorter, 
than for a normal hydrogen atom, 
roughly in proportion to the factor 
Zm 
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4.80. Since the value of mo can 
range from 207 for muons to 967 for 
K-mesons, and Z, the nuclear charge, 
from 1 for hydrogen to 92 for uranium, 
it is apparent that Z?mo, which varies 
from one element to another, will com- 
monly be of the order of 10? to 10°. 
The energy changes accompanying 
muonic and mesonic transitions may 
thus be expected to be in the approxi- 
mate range of a thousand to a million 
electron volts, and the wave lengths of 
the radiations emitted should be in the 
vicinity of 107? to 10-” cm. Such radia- 
tions will clearly lie in the X-ray region 
and hence they have been given the 
name of muonic X-rays or mesonic 
X-rays, according to the nature of the 
particle making the associated energy 
transitions. The production of such 
radiations was first reported by W. Y. 
Chang in the United States in 1949, 
and the discovery has since been con- 
firmed by others. X-rays resulting 
from the trapping of negative muons 
and mesons by the nuclei of a number 
of different elements have been ob- 
served. The energies and wave lengths 
agree with the values calculated on the 
basis of the theory outlined above. 


CaPTURE OF MUONS AND 
Mesons By NUCLEI 


4.81. In a muonie atom, the negative | 


muon will usually stay in the lowest 
energy level for about a millionth of a 
second or so before it decays into an 
electron (§ 2.130). There are reasons 
for believing that in this state, espe- 
cially for the heavier nuclei, the muon 
actually spends some time in the outer 


regions of the nucleus. In these circum- i 
stances there is a strong probability : 


that the negative muon will be cap- 


*It should be noted that the hydrogen-like muonic or mesonie atom will have the 
orbital electrons which originally surrounded the nucleus. "These des e. relatively 
far away that they hardly affect the interaction of the muon or meson with the nucleus. 
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tured by the nucleus where it reacts 
with a proton to form a neutron. Since 
the mass of the muon is annihilated 
there is a release of energy which leads 
to some minor disruption of the nu- 
cleus, e.g., commonly emission of 
neutrons and gamma rays. 

4.82. From the known properties of 
the negative mesons, it is to be ex- 
pected that they would interact much 
more readily with nuclei than do 
muons; this difference is manifest in 
the behavior of mesonic X-rays. The 
radiations corresponding to meson 
transitions to the lowest levels are 
often missing, especially for heavier 
nuclei, whereas nuclear disintegrations 
are relatively common. Hence, it has 
been concluded that negative mesons 
are often captured before they reach 
these low levels. In other words, a 
meson can be absorbed by the nucleus, 


PROPERTIES OF 


NucLsAR Enerey LEVELS 


4.83. The energy levels considered 
so far have been called electronic, 
muonic, or mesonic levels since they 
represent different states of the orbital 
electrons, muons, or mesons, respec- 
tively. There are also, however, nuclear 
energy levels which apply in an analo- 
gous manner to the states of the par- 
ticles within the nucleus. There are 
good reasons for believing that various 
excited states of the nucleus exist 
(§§ 8.113, 10.150), with energy values 
in excess of the normal or ground 
State. 

4.84. Transitions between pairs of 
nuclear energy levels give rise to radia- 
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although, according to classical me- 
chanies, it is a relatively considerable 
distance away.* At first thought, this 
might be attributed to the electrical 
attraction between the (positive) nu- 
cleus and the (negative) meson, but 
such is apparently not the case. A more 
probable explanation is the following. 
As just indicated, classical mechanics 
requires that the meson move in an, 
orbit that is at a distance from the 
nucleus at all points. But wave me- 
chanics implies that there is a small, 
but finite, probability that the meson 
willspend some time very near (or even 
inside) the nucleus. When this occurs, 
the negative pion interacts with a 
proton to produce a neutron and 
liberate energy, as in the analogous 
case of negative muon capture; as a 
result, there is some emission of par- 
ticles from the nucleus (§ 20.81). 


THE NUCLEUS 


tions, but since the energy changes 
involved are considerably greater than 
for electronic transitions, the nuclear 
radiations have much shorter wave 
lengths. In general, the energy separa- 
tion of nuclear levels is of the order of 
a million electron volts, and if the 
energy difference E, — E; in equation 
(4.5) is set equal to 1 MeV (or 105 eV), 
the wave length of the corresponding 
radiation is seen to be about 1.2 X 
10-7" em. Such a wave length corre- 
sponds to very short X-rays, or, what 
is essentially the same thing, to gamma 
rays.T It will be seen in Chapter 8 that 
gamma radiation, which often accom- 
panies the emissión of alpha and beta 


* Capture occurs when the orbital quantum number 7 is about a third of the principal quan- 


tum number n; the "orbit" is then an elli 
t Although there is no fundamental di 
rm is 


of considerable eccentricity (cf. 
erence between X-rays and gamma rays, the latter 
generally used for the short wave length radiations emitted by an atomic nucleus or 


4.52). 


that accomp: cary annihilation. X-rays are produced by electrons (or other particles) 


outside the nucleus ($ 4.71 et seq.). 
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particles in radioactivity, is due to the 
transition of an atomic nucleus from a 
higher (excited) energy level to a lower 
level (§ 8.112). Determination of the 
wave length of the gamma radiation 
permits the calculation of the corre- 
sponding energy change, and vice 
versa. 

4.85. It has seemed probable for 
some time that definite quantum num- 
bers could be assigned to the protons 
and neutrons in atomic nuclei, just as 
they have been to the orbital electrons. 
The problem has proved a difficult one 
because of the unexpected interactions 
occurring among the orbital and (in- 
trinsic) spin angular momenta, with 
quantum numbers / and s, respectively. 
As a result of this interaction, the 
order in which the energy levels for the 
nucleons are filled is quite different 
from the relatively simple situation 
existing for electrons ($4.68). Con- 
siderable progress in the assignment of 
quantum numbers to protons and 
neutrons in atomic nuclei has been 
made in recent years, based on the 
Pauli exclusion principle, as will be 
explained more fully in Chapter 12. 
According to the “shell” model of the 
nucleus as it is called, the protons and 
neutrons each occupy a series of en- 
ergy levels or shells, analogous to the 
electronic energy levels described 
above. Closed shells occur when the 
total number of protons or neutrons is 
2, 8, 20, 50, and 82. 

NUCLEAR Spin 

4.86. The (intrinsic) spin and or- 
bital angular momenta of the individ- 
ual neutrons and protons in a nucleus 
combine to give a resultant angular 


momentum generally referred to as the 
“spin” of the nucleus.* Several meth- 
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ods are available for determining nu- 
clear spins (§ 4.108) and the values are 
known for many nuclei (§ 12.72). In- 
dividual nucleons have intrinsic spin 
components of +34 or —}4, in terms 
of the h/2x unit of angular momen- 
tum, and orbital angular momentum 
quantum numbers are always zero or 
integral. Consequently, the resultant 
nuclear spin quantum numbers (or 
nuclear spins) can be 0, 16, 1, 26, 2, etc., 
ie. an odd or even number of half 
integers. As is to be expected, nuclei 
with odd mass numbers, and hence 
containing an odd number of nucleons, 
have spin quantum numbers of 34, 34, 
56, 76, or 9$. No value higher than 94 
has been observed for the ground state 
of any stable nucleus, although some 
excited states do have larger spins 
(8 12.117). On the other hand, when 
the mass number, and hence the total 
number of nucleons, is even, the nu- 
clear spin in the ground state is usually 
0 or 1, although larger integral values 
have been recorded in a few cases. In 
the event that the numbers of protons 
and neutrons are both even, the spin is 
apparently always zero, in the ground 
state, but may be 1, 2, 3, etc., in the 
excited states. It is important to note 
that the spins of a given nucleus in 
excited states are often different from 
each other and from that in the ground 
state. But the general rule holds that 
the spins of nuclei with odd mass num- 
bers are odd numbers of half integers, 
i.e., 16, 96, 96, etc., whereas nuclei with 
even mass numbers have zero or in- 
tegral, e.g., 0, 1, 2, 3, etc., spins. 

4.87. It was mentioned in $4.34 
that the spin of the nitrogen nucleus, 
which was known from various spec- 
troscopie studies to be 1, could not be 
correlated with the theory that nuclei 


* This term was introduced before it was realized that the orbital and spin enta 
could combine (§ 12.25). The “true” spin alone is often distinguished by fne" t the s 


trinsic spin. 
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consist of electrons and protons. Ac- 
cording to this concept, the nitrogen 
nucleus should contain 14 protons and 
seven electrons, to give the required 
net nuclear charge of seven units and’a 
mass of 14 units. Since the electrons 
and protons each have a spin compo- 
nent of 4- 16, the resultant spin of the 
21 particles in the nucleus would have 
to be half integral and could not pos- 
sibly be unity. On the other hand, if 
the nitrogen nucleus consists of seven 


MAGNETIC PROPERTIES OF 


MAGNETIC MOMENT 
OF THE ELECTRON 


4.88. An electrically charged parti- 
cle having angular momentum, i.e., it 
revolves about a center or rotates 
(spins) about its own axis, behaves like 
a small magnetic dipole and possesses 
a magnetic moment.* By means of rela- 
tivistic wave mechanics, Dirac (§ 2.65) 
showed in 1928 that the magnetic mo- 
ment u of an electron, due to its spin 
angular momentum, should be given 
by 


ray (4.7) 


where e is the electronic charge, h is 
Planck’s constant, m is the rest mass 
of the electron, c is the velocity of 
light, and r has its usual significance. 
The quantity on the right side of equa- 
tion (4.7) is called the Bohr magneton; 
in the cgs system of units its value is 
9.273 X 10-* erg per gauss. The mag- 
netic moment of an electron should 
thus be exactly 1 Bohr magneton. 
4.89. Studies of the Zeeman effect 
($4.43), made before the publication 
of Dirae's work mentioned above, had 
indeed indicated that the electron's 
magnetic moment. was 1 Bohr mag- 
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protons and seven neutrons, as is pres- 
ently accepted, it contains 14 particles 
of spin +4; the resultant spin would 
then be zero or an integer. The experi- 
mental value of 1 is thus completely 
reasonable. Nuclear spins have other 
applications, as will be seen in due 
course; among other things, they play 
an important role in determining the 
“allowed” transitions between nuclear 
energy levels (Chapter 8). 


ELECTRONS AND NUCLEI 


neton. Consequently, theory and ex- 
periment appeared to be in harmony. 
In 1947, however, precise measure- 
ments made by P. Kusch in the United 
States, using a form of the resonance 
technique to be described shortly, 
showed that the magnetic moment of 
the electron was slightly larger than 1 
Bohr magneton. The value obtained 
was in good agreement with the one 
now accepted, namely, 1.00116 Bohr 
magnetons. The discrepancy, although 
small, was considered significant and 
in 1948 the American physicist J. 8. 
Schwinger showed that it could be 
accounted for by the interaction of the 
electron with its own magnetic field, 
a refinement not included in Dirac’s 
original treatment. Later calculations 
have improved somewhat on Schwing- 
er’s original work and the current 
theoretical value of the magnetic mo- 
ment of the electron is exactly equal 
to that determined by experiment, 
within the error limits of the observa- 
tions, 


ELECTRON Spin (PARAMAGNETIC) 
RESONANCE 


4.90. Since 1950, numerous applica- 
tions have been made in both physics 


* A bar magnet is a simple example of a magnetic dipole; its moment is equal to the dis- 
tance between the two poles (north and south) multiplied by the pole strength. 


124 Sourcebook on Atomic Energy, 


and chemistry of the magnetic proper- 

` ties associated with the electron, utiliz- 
ing the technique generally known as 
electron spin resonance (ESR) or elec- 
tron paramagnetic resonance (EPR), 
although other related names have 
been used. Some of the more elemen- 
tary principles and a few of the uses in 
research of ESR (or EPR) spectros- 
copy will be outlined below. 

4.91. In any element or compound 
with an even number of electrons, the 
spin components of the latter are 
generally coupled in pairs,* i.e, +4 
with —14, to give a resultant spin of 
zero. The substance then has no dis- 
tinctive magnetic properties. On the 
other hand, if the atom or molecule 
(or ion) has an odd number of elec- 
_trons, there is at least one unpaired 
electron of spin component +)4 or 
— 6, expressed in angular momentum 
units of h/2z. The material then ex- 
hibits the magnetic behavior called 
paramagnelism, In the absence of an 
external (or applied) magnetic field, 

. the magnetic dipoles produced by the 
unpaired electrons in each atom or 
molecule will be arranged at random; 
that is to say, there is, no preferred 
direetion in which the dipoles point. 
If a magnetic field is applied, however, 
the electron dipoles tend to align them- 
selves so as to point either in the same 
direetion as, i.e., parallel to, the field 
or in the opposite direction, i.e., anti- 
| parallel. If Eo is the average energy 
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of the single (unpaired) electrons when 
they are oriented in a random manner, 
i.e., in the absence of an applied field, 
then the energy E; when the dipoles 
are aligned parallel to the external 
magnetic field is given by 


E, = Eo — uH, 


and when antiparallel to the field the 
energy E; is 


E= Ey + 4H, 


where p is the magnetic moment of the 
electron dipole and H is the strength 
of the applied field (Fig. 4.8).t 
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Fig. 4.8. Splitting of energy levels of an 
electron in a magnetic field. 


4.92. It is evident from these two 
equations that E; is less than E». 
Hence, at any given temperature, more 
electron magnetic dipoles will be lined 
up parallel to the external field than 
antiparallel to it. Suppose that energy 
is applied to the substance in the mag- 
netic field in some convenient manner, 
e.g., by means of radiation of a suitable 
frequency (or wave length). The mag- 
netic dipoles will not absorb any sig- 
nificant amount of this energy unless 
the radiation quantum happens to cor- 


* An outstanding exception is the oxygen molecule, which has two electrons with unpaired 


spins. 
} The following rule is used to determine the direction of the magnetic field of a spinnin 
electron (or of any negative charge). Bend the fingers of the left hand over the palm an 
stretch out the thumb. If the electron spins in the direction of the bent fingers, the thumb 
points in the direction of the field. For a spinning positive charge, the same rule would be 
applic to the right hand. 

" The term “magnetic field strength" is used somewhat loosely to refer to two different but 
directly related quantities; these are the magnetic flux density (or magnetic induction), rep- 
resented by B, which is used in the equations in Chapter 2, and the magnetization force (or 
magnetic intensity), as expr above by the symbol H. Different units should be used for 
these two quantities, but in the cgs system B and H are numerically equal in a vacuum; 
consequently, it is a common practice to state them both in gauss, although this unit is strictly 
applicable only to B. : 


v 


respond exactly to the difference be- 
tween E» and E; from the equatigns 
given above, E; — E, is seen to be 
equal to 24H. When this situation 
exists, the magnetic dipoles parallel *to 
the applied field will tend to reverse 
their direction and align themselves 
antiparallel to the field. 

4.93. Consequently, if the frequency 
of the applied radiation is varied over 
a range, absorption of energy will occur 
only at a particular frequency, referred 
to as the resonance frequency for the 
existing field strength. At all other 
frequencies, both smaller and larger, 
the absorption of energy from the ra- 
diation is negligible. If » is the reso- 
nance frequency, the corresponding 
energy quantum is given by the Planck 
equation (3.2) as hy, and this can be 
equated to E; — E, ie, to 2uH; 
hence, it follows that 


24H 


y ———. 


h 


"Thus, if the resonance frequency in a 
Magnetic field of known strength is 
determined, the magnetic moment of 
the electron dipole can be evaluated 
for the particular substance being in- 
vestigated. 

4.94. To utilize equation (4.8) for 
experimental purposes two approaches 
are possible: either the strength of the 
magnetic field is maintained constant 
and the frequency of the radiations is 
varied or the frequency is kept con- 
stant and the field strength varied 
until resonance occurs. The latter tech- 
nique is the more conyenient and is 
widely used. The approximate value 
of the constant frequency to be em- 
ployed can be derived from equation 


(4.8) 


* A megacycle is 1 million (10°) cycles. 
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(4.8). If the electron were entirely free, 

the magnetic moment » would be close’ 
to 1 Bohr magneton; as Seen in § 4.88, 

this is 9.27 X 10 erg per gauss, and 

h is 6.62 X 10 erg sec (§ 3.32), and 

80 ideally ; 


»-280X10H, (49) 
where the resonance frequency v is in 
cycles per second and the magnetic - 
field strength H is in gauss. A con- 
venient practical value for the field 
strength is about 10,000 gauss; hence, 
the fixed frequency of the radiation to 
be used in electron spin resonance ex- 
periments would be in the vicinity of 
2.8 X 10" cycles (or 28,000. mega- 
cycles)* per sec. Radiation of this fre- 
quency is in the microwave region. of 
the electromagnetic spectrum (Fig! 
3.4). In some cases, lower frequencies 
and correspondingly smaller magnetic 
field strengths are employed. 

4.95. The microwaves of constant 
frequency are produced by means of a 
klystron vacuum-tube oscillator, and 
the absorption of the radiation is ob- 
served as the magnetic field strength 
is varied. In order to enhance the ab- 
sorption and produce effects that can 
be readily observed, the experimental 
material, generally in solid or liquid 
(or solution) form, is placed in a reso- 
nant cavity. This is a vessel whose 
dimensions have been adjusted to be in 
natural resonance with the frequency 
of the microwave radiation being used. 
The electromagnetic waves are then 
reflected back and forth many times 
across the cavity, thus giving a very 
long effective absorption path.[ The 
resonant cavity is placed in a uniform 
(and constant) magnetic field of about 


resonant cavity for microwaves is analogous to an organ pipe for sound waves. In the 


Organ pipe, sound waves havi 
length of the fee 


intensity) of the sound. 


the proper (resonance) frequency, as determined by the 
ipe, travel back and forth along the pipe thereby increasing the volume (or 
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10,000 gauss, and the field strength is 
varied by a subsidiary (or sweep) field, 
generated by a modulating core sup- 
plied with alternating current of about 
60 cycles per sec. The klystron oscilla- 
tor is attached to one end of the cavity 
and the transmitted signal is detected 
by means of a crystal rectifier and an 
amplifier at the other end. The output 
is displayed on the screen of a cathode- 
ray oscilloscope as a graph of absorp- 
tion versus the field strength; the oc- 
currence of resonance absorption of the 
microwaves is then marked by a sharp 
peak. 

4.96. In most of the applications of 
electron spin resonance, some of which 
are mentioned below, it is not required 
to determine either the magnetic mo- 
ment of the electron dipole or the 
resonant frequency. The shape of the 
oscillograph trace of the absorption 
versus the magnetic field strength is 
usually sufficient. This gives such in- 
formation as the magnitude of the en- 
ergy absorption at resonance, the com- 
ponents of the resonance peak, i.e., 
whether it consists of a single fre- 
quency or a group of closely-spaced 
frequencies, and the deviation of the 
frequency—actually the magnetic field 
strength—from the ideal value ex- 
pected for a free electron or for a con- 
venient, but arbitrary, reference mate- 
rial. 

4.97. In the foregoing treatment of 
the electron magnetic dipole in an 
external (applied) magnetic field, the 
effects of possible internal fields have 
been ignored. Among such effects, two 
are of particular interest. First, in an 
atom or molecule (or ion), the un- 
paired electron under consideration 
will be associated with a nucleus. If the 
latter has a resultant angular momen- 
tum (or spin) J that differs from zero it 
will, like an electron, be equivalent to 
a magnetic dipole. The field of the 
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nucleus will then cause the resonance 
frequency of the electron dipole to be 
split into 2I + 1 closely spaced lines, 
corresponding to the 27 + 1 possible 
orientations of the nucleus in the ap- 
plied magnetic field. This results in the 
electron resonance line having what is 
called hyperfine structure. Studies of 
such struetures have been used to de- 
termine nuclear J values (or nuclear 
spins) in a number of instances. 

4.98. An electron revolving in an 
orbit has angular momentum and 
should therefore also. be associated 
with a magnetic dipole. In most cases, 
however, internal restrictions prevent 
this dipole from becoming oriented in a 
magnetic field and there is conse- 
quently no effect on the paramagnetic 
spin resonance behavior of an un- 
coupled electron. In some ionic erys- 
tals, however, there is an electrostatic 
field, referred to as a crystal field, which 
permits interaction of the orbital and 
spin angular momenta of the electron. 
The resulting spin-orbit coupling then 
influences the characteristics of the 
electron paramagnetic resonance. This 
occurs, for example, in the solid ionic 
compounds of a number of elements 
such as chromium, manganese, iron, 
and of members of the rare-earth and 
actinide series (§ 1.48). In these ele- 
ments an outer shell of electrons has 
started to form before the inner ones 
are complete. Electron spin resonance 
studies of their compounds have been 
used to throw light on the internal 
structures of the ions present. 

4.99. Perhaps the most common use 
of electron paramagnetism has prob- 
ably been in the detection and the 
quantitative determination of free rad- 


ieals. A free radical is a molecule or. — 


ion with an unpaired electron; it is 
usually so unstable that it is difficult, 
and often impossible, to detect by con- 
ventional methods. The electron spin 
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resonance technique, however, gener- 
ally permits the observation of the 
transient existence of free radicals in 
chemical and biological processes. In 
the latter connection, mention may be 
made of the discovery that free radi- 
cals are present in the eggs of frogs, in 
green plants undergoing photosynthe- 
sis, and in the light-generating system 
of the firefly. Finally, it may be noted 
that electron spin resonance techniques 
have been applied in the highly im- 
portant field of solid-state physics. 
Among the applications are studies of 
semiconductors, such as are used in 
transistors, solar cells, radiation de- 
tectors, and similar devices (§ 7.58 et 
seq.), and of the defects in crystals, 
called color (or F)-centers.* These solids 
contain uncoupled electrons which ex- 
hibit paramagnetic behavior. 


Nucimar Magnetic Moments 


4.100. It was seen in § 4.86 that the 
orbital and spin angular momenta of 
the nucleons in a nucleus combine to 
give a resultant angular momentum 
quantum number, commonly referred 
to as the nuclear spin. Nuclei with 
spins that are not zero act like mag- 
netic dipoles, but the moments are 
much smaller than for an electron. The 
magnetic moments of nuclei are of the 
order of one or a few nuclear magnetons; 
the value of the nuclear magneton is 
given by an expression analogous to 
that for the Bohr magneton (§ 4.88), 
namely, eh/4min,c, where Mp, the mass 
of the proton, appears instead of the 
mass of the electron. Since m, is 1836 
times the electron mass, the nuclear 
magneton is equal to the Bohr mag- 
neton divided by 1836. 

4.101. The determination of the nu- 
clear magnetic moment is based on 
exactly the same principle as the reso- 
nance procedure used for electron mo- 
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ments. In an applied magnetic field, 
the dipoles of a nucleus with a spin I 
will tend to become aligned in such a 
manner as to produce 27 + 1 energy 
states (or orientations) for the given 
field strength, Radiation of the appro- 
priate resonance frequency, corre- 
sponding to the energy difference 
between adjacent states, will then 
cause a change in orientation of the 
dipoles, and the radiation will be ab- 
sorbed. The relationship between the 
resonance frequency v and the nuclear 
magnetic moment is 


or “w= m. (4.10) 


Seria 
Ih 
In the special case when I = Y, e.g., 
for the hydrogen nucleus (proton), the 
nuclear dipoles have 27 + 1 = 2 orien- 
tations in the magnetic field, i.e., 
parallel and antiparallel to the field. 
The situation is then exactly similar 
to that for an unpaired electron, as 
described in $ 4.91. Furthermore, with 
I = ¥, equation (4.10) reduces to the 
same form as equation (4.8). 

4.102. Because the nuclear magnetic 
moment is smaller than the Bohr 
magneton by a factor of the order of 
1000 or so, and J may range from }4 
to about % for normal nuclei (§ 4.86), 
it can be readily found, by comparison 
with equation (4.9), that the nuclear 
magnetic resonance frequency is re- 
lated to the field strength by the very 
approximate expression 


» X 10H, 


where, as before, v is in cycles per sec- 
ond and H is in gauss. For an applied 
field of about 10,000 gauss, » would 
now be about 10’ cycles (or 10 mega- 
eycles) per sec. The radiations re- 
quired for determining the nuclear res- 
onance frequency are thus in the radio- 


* The term F-center has its origin in the German word Farbe, meaning color, 
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frequency range commonly known as 
the H.F. (high-frequency) region. 


DETERMINATION OF NUCLEAR 
MaaNETIC Moments 


4.103. Rough measurements of the 
magnetic moment of the proton and 
of the deuteron, which is a nucleus 
consisting of a neutron and a proton 
(82.125), were made in Germany 
around 1933 by O. Stern and I. Ester- 
mann by studying the deflection of 
molecular beams in magnetic fields. A 
molecular beam is a narrow, parallel 
beam of neutral molecules or atoms 
traveling through a highly evacuated 
space; the number of particles per unit 
volume is so low that collisions between 
them are negligible. An important de- 
velopment occurred in 1938, however, 
when I. I. Rabi and his associates in 
the United States introduced the mag- 


- netic resonance technique and applied 


it to molecular beams. 

4.104. A beam of atoms or mole- 
cules traversed three magnetic fields in 
succession; the central field was homo- 
geneous, i.e., uniform, whereas those 
on each side were inhomogeneous. 
A radio-frequency current passing 
through a wire loop located in the 
central field provided the constant- 
frequency radiation energy. In the first 
(inhomogeneous) field, the beam fol- 
lowed a curved path; it moved straight 
on without deflection in the central 
(homogeneous) field, and was deflected 
again but in the opposite direction in 
the third (inhomogeneous) field. As 
long as the radio-frequency did not 
coincide with the nuclear resonance 
frequency, as given by equation (4.10), 
the molecular or atomic particles in 
the beam reached a fixed detector. But 
when resonance was achieved, by ad- 
justment of the strength of the central 
magnetic field, the orientations of the 


i nuclear magnets were changed and the 
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particles followed a different path 
through the third field and so did not 
reach the detector. In this way, the 
resonance conditions, i.e., the values of 
v and H to be used in equation (4.10), 
were obtained. In order to derive the 
nuclear magnetic moment, however, a 
knowledge of the spin quantum num- 
ber, I, is necessary. The manner in 
which this can be obtained will be 
described in $ 4.108. 

4.105. The determination of nuclear 
magnetic moments was greatly simpli- 
fied in 1946 when F. Bloch and E. M. 
Purcell and their respective collabora- 
tors, working independently in the 
United States, developed modifications 
of the resonance absorption procedure 
that could be applied to matter in bulk, 
i.e., in the liquid or solid state. The dif- 
ficulties associated with the production 
and handling of molecular beams were 
thereby eliminated. The basic idea of 
using bulk materials for the measure- 
ment of nuclear magnetie moments was 
originally enunciated by C. J. Gorter 
in the Netherlands in 1936. He was 
unsuccessful, however, in putting it 
into practice because of experimental 
difficulties. The great advances in 
radio-frequency techniques during the 
next ten years, especially during World 
War II, changed the situation. 

4.106. The principle of the reso- 
nance absorption method of Purcell is 
essentially the same as that described 
in $4.95 for the study of electron 
paramagnetic (spin) resonance, In fact, 
the procedure in the latter case was 
based on the work of Purcell and his 
associates. Apart from the use in the 
nuclear magnetic measurements of 
electromagnetic radiation in the radio- 
frequency range, produced by a con- 
ventional oscillator, there is only one 
important difference in the two tech- 
niques. Resonant cavities are not prac- 
tical for radio-frequency waves; con- 
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sequently, the experimental material 


—solid or liquid—is placed in a small 
tube surrounded by a coil through 
which the high-frequency, alternating 
current is passed. With a constant 
radio-frequency energy source, the ap- 
plied magnetic field is varied by using 
a low-frequency modulating (sweep) 
current. The occurrence of resonance 
is marked by a sharp inerease in energy 
absorption as indicated by a suitable 
radio-frequency receiver and amplifier. 
The output is displayed on the screen 
of a cathode-ray oscilloscope. 

4.107. The main difference between 
the foregoing technique and the reso- 
nance induction procedure developed 
almost simultaneously by Bloch lies in 
the system for detecting the onset of 
resonance absorption. The coil (pri- 
mary) which supplies the radio-fre- 
quency energy to the experimental 
sample surrounds another (secondary 
or receiver) coil wound at right angles. 
At resonance, energy is absorbed from 
the primary circuit and as a result the 
current strength changes, This change 
in current induces a voltage in the 
receiver coil that can be observed on 
an oscilloscope (Fig. 4.9). 


SWEEP 
¥CIRCUIT $ 


Fig. 4.9. Schematic eprecentation of sys- 
tem for measuring nuclear magnetic reso- 
nance. 
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4.108. As already mentioned, the 
evaluation of thé nuclear magnetic 
moment still requires a knowledge of 
I, the nuclear spin. Without exception, 
nuclei with even numbers of both neu- 
trons and protons have a resultant 
spin of zero in their normal energy 
(ground) states ($4.86). These con- 
stitute the great majority of the stable 
nuclei, as will be seen in § 12.47. For 
other nuclei, several different methods 
have been used to determine the spin 
quantum number. An important one 
is the observation of the hyperfine 
structure of the electron spin resonance 
absorption peak, as noted in § 4.97. A 
somewhat related procedure is based 
on the hyperfine structure of the Zee- 
man splitting of the ordinary (optical) 
atomic spectral lines in a magnetic field. 
The structure of the so-called band 
spectra of molecules and of microwave 
spectra has also been used extensively 
to obtain nuclear spins. Information 
on nuclear spin can also be derived 
from the intensity of the energy ab- 
sorption peak in resonance measure- 
ments. The total amount of energy 
absorbed is determined by the number 
of possible nuclear orientations, i.e., 
2I +1, in the magnetic field. The 
foregoing procedures are those most 
commonly employed, but some others 
have been applied in special cases.* 


APPLICATIONS OF NUCLEAR 
Maenetic RESONANCE 


4.109. Since 1947, when G. E. Pake 
in the United States used nuclear mag- 
netie resonance, generally abbreviated 
to NMR, to determine the position of 
the four hydrogen atoms in gypsum 
(CaSO,.2H;0), the technique has 
found widespread use in chemistry. In 
fact, NMR spectroscopy has become a 


* The spins of excited nuclear states can often be inferred from the radiation they emit when 
they revert to the stable (or ground) state (cf. $ 8.119 et seq.) and from studies of the Möss- 


bauer effect, ($ 8.142). 
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most powerful and versatile tool in the 
study of the structure of complex mole- 
cules, both organic and inorganic. The 
nuclei most suitable for these studies 
are those with a spin quantum number 
of 14, and of these the proton (hy- 
drogen nucleus) is by far the most 
important. Some work has been done 
with compounds containing boron-1l, 
carbon-13, nitrogen-15,  oxygen-17, 
fluorine-19, and phosphorus-3l nu- 
clei, which also have a spin of l4. 
But this is relatively small in compari- 
son with the studies on hydrogen, and 
hence the following discussion will be 
concerned with the latter. It may be 
mentioned that the familiar nuclei of 
carbon-12 and oxygen-16 have zero 
nuclear spin, and that of the common 
nitrogen-14 nucleus is unity. 

4.110. In a molecule, every hydro- 
gen nucleus has two electrons directly 
associated with it and, except in the 
hydrogen molecule, there are always 
other electrons nearby. When a mag- 
netie field is applied, these electrons 
cause à partial magnetic shielding of 
the nucleus. As a result, the magnetic 
moment of the proton is changed and 
this change can be detected by the 
alteration in the strength of the mag- 
netic field required to produce reso- 
nance absorption of radiation of a 
given frequency. The relative change 
in the field strength, which is inde- 
pendent of the actual radiation fre- 
quency, is called the NMR chemical 
shift.* "The apparatus commonly used 
for nuclear magnetic resonance absorp- 
tion studies is similar in principle to 
that represented in Fig. 4.9. Com- 
mercial instruments are available that 
greatly simplify the measurements. 
The NMR spectrum is displayed as a 


* In practice, the NMR chemical shift is S 


10°/Ho, where H is the observed magnetic 
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graph of absorbed energy versus mag- 
netic field strength, as in § 4.95, for 
electromagnetic radiation of constant 
frequency. Resonance absorption is 
then indicated by a peak in the curve. 

4.111. The magnitude of the chemi- 
cal shift depends on the immediate 
environment of the proton and charac- 
teristic values are tabulated in the 
literature to facilitate identification of 
the associated atomic groupings. As a 
simple example, consider the molecule 
of ethyl alcohol (ethanol), having the 
formula C,H;OH; the chemical struc- 
ture is CH;:CH,-OH or, more ex- 
plicitly, as indicated below. There are 


emia 
res 
H—CLC+O 
Lida 
HH 
ey Dn 


three types of protons with different 
environments in this molecule; they 
are (a) the three in the CH; group, 
(b) the two in the CH; group, and (c) 
the one in the OH group. The NMR 
spectrum of ethanol thus shows three 
distinet resonance peaks with different 
chemical shifts characteristic of the 
three different chemical groups (Fig. 
4.10). Furthermore, the amount of 
energy absorbed, i.e., the area en- 
closed by the peak, at éach resonance 
value is proportional to the number of 
protons in each group. Thus, the areas 
under the resonance peaks correspond- 
ing to the groups CH;, CHs, and OH 
are in the ratio of 3 to 2 to 1, re- 
spectively. 

4.112. If the NMR instrumentation 
is designed to provide a high resolution 


by (H — Hy) X 


mental material and Ho is the corresponding value for the same radiation frequency for a 


standard material, e.g., water. 
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spectrum, i.e., the resonance peaks are 
sharply defined so that it is possible 
to detect peaks that are closely spaced, 
it will be observed that each of the 
peaks mentioned above has a fine 
structure (Fig. 4.10).* This phenome- 
non is called spin-spin splitting. It is 
caused by the interaction of the mag- 
netic moment (or spin) of a given 
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are four possible arrangements which 
may be represented in the form shown 
below. Of these, (ii) and (iii) may be 


G) (i) (iii) (v) 
regarded as identical. Suppose that a 
given proton in the CH; group has a 


CHEMICAL SHIFT 


Fig. 4.10. Nuclear magnetic resonance spectrum of ethyl alcohol (dashed line, low 
resolution; full line, high resolution). 


proton with the magnetic moments (or 
spins) of protons attached to adjacent 
atoms. In the spectrum of ethanol, for 
example, the peak due to the protons 
in the CH; group is split into three 
components enclosing areas in the pro- 
portion of 1 to 2 to 1. Similarly, the 
peak ascribed to the protons in the CH; 
group has four closely-spaced com- 
ponents, with intensities in the ratio 
of 1 to 3 to 3 to 1. 

4.113. The observed fine structure 
can be explained in the following man- 
ner. Consider, first, the spins of the 
two protons in the CH. group; there 


spin indicated by an arrow pointing 
upward. Then arrangement (i) of the 
protons in the adjacent, CH; group will 
enhance the magnetic moment of the 
CH;-group proton; (ii) and (iii) will not 
affect the value, whereas (iv) will de- 
crease it. The corresponding changes 
in the moments of the protons in the 
CH; group are reflected by the splitting 
of the absorption peak into three 
closely-spaced peaks. The central, un- 
changed peak is found, as expected, to 
be twice as strong as each of the other 
two; the latter appear at larger and 
smaller magnetic field strengths, re- 


* An important develo opment in this connection is the use of superconducting 


(87. MCI iving high fiel 
sal Ca A upPL veles per woul 


strengths, combined with oscillating fields with frequencies Miner 
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spectively. Similarly, it can be shown 
that there are four different possible 
spin arrangements of the three protons 
in the CH; group, in the próportions 
of 1 to 3 to 3 to 1. Consequently, the 
absorption peak of the adjacent CH;- 
group protons is split into four peaks 
enclosing areas in these same propor- 
tions. 

4.114. The foregoing is a very ele- 
mentary example of the application of 
NMR spectroscopy to the study of the 
structure of a molecule. In summary, it 
can be stated that the magnitude of 
the chemical shift at the center of a 
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resonance peak indicates the atomic 
grouping in which the proton is pres- 
ent; the area under the peak is deter- 
mined by the number of protons in 
that particular group; and the splitting 
(or fine structure) of the peak provides 
information on the protons attached 
to neighboring atoms. These concepts, 
as well as others too complicated to 
be considered here, have been used 
extensively to study the rates of chem- 
ical reactions and to determine the 
structures of organic molecules in the 
liquid state (or in solution) and of 
inorganic crystalline solids. 
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Chapter 5 


RADIOACTIVE ELEMENTS 


Earty RADIOACTIVE 
MEASUREMENTS 


5.1. In an earlier chapter an ac- 
count was given of the discovery of 
radioactivity, and the alpha, beta, and 
gamma rays were described briefly. 
Studies of the behavior of alpha par- 
ticles have led, as already seen, to the 
development of a theory of atomic 
structure, and also to the identification 
of the neutron, one of the fundamental 
particles of nature. Investigations of 
the phenomena associated with radio- 
activity have had striking consequences 
other than those just mentioned. It is, 
therefore, necessary to consider the 
subject of radioactivity in greater de- 
tail. 

5.2. It will be recalled that, after his 
initial observation of the photographic 
effect of uranium salts, A. H. Becquerel 
found that these substances were able 
to discharge an electroscope. The in- 
strument used by Becquerel was 
somewhat crude, and although he was 
able to show that several compounds 
of uranium, as well as the metal itself, 
emitted the active radiations, he could 
not make a reliable comparison of the 
relative ‘activities of the various ma- 
terials: It was to this quantitative 
aspect of the matter that Marie Curie 


(8 2.101), who was then in Paris study- 
ing the magnetie properties of iron and 
steel, turned her attention in 1898 
(Fig. 5.1). Her husband, Pierre Curie, 
in cooperation with his brother, Jacques 
Curie, had discovered the phenomenon 
of piezoelectricity* whereby certain 
crystals, e.g., quartz, Rochelle salt, 
and barium titanate, in particular, are 
able to produce a difference of electric 
potential when subjected to pressure. 
Utilizing the fact that the electric 
current generated is proportional to 
the pressure, applied by means of 
weights, the Curie brothers were able 
to design a relatively simple form of 
electrometer for the measurement of 
very small currents. 

5.3. It was a piezoelectric device of 
this type that Marie Curie used in her 
work on the activities of the radia- 
tions produced by various uranium 
compounds. The apparatus consisted 
of two parallel horizontal plates, con- 
nected through a high-voltage battery 
to a sensitive galvanometer. The ura- 
nium compound was placed on the 
lower plate, so that the radiations ion- 
ized the air between the plates and 
thus caused a small electric charge to 
flow to the galvanometer. The magni- 
tude of this charge, which was a 


* From the Greek piezein (to press). The phenomenon is now carina employed in 


telephonic and radio communication, in television broadcasting, and in soun 


reproduction. 
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measure of the ionizing power or ac- 
tivity of the radiations, was then 
determined by balancing it with the 
electricity produced by applying pres- 
sure to a piezoelectric quartz crystal, 
as described above. 
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uranium minerals, Marie Curie noted 
that two of these minerals, namely, 
pitehblende (uranium oxide) and chal- 
colite (copper uranyl phosphate), are 
much more active than uranium itself. 
“This fact," she went on to state, “is 


Fia. 5.1. 


Pierre Curie (1859-1906) and Marie Curie (1867-1934). (From M. A. Weeks, 


The Discovery of the Elements, Chemical Education Publishing Co.) 


5.4. In this manner, Madame Curie 
found that “all the compounds of ura- 
nium studied are active and, in general, 
the activity is greater the more ura- 
nium they contain." She also reported 
that thorium compounds possessed 
similar activity—a discovery made 
independently a few weeks earlier by 
G. C. Schmidt in Germany—and called 
attention to the fact that the active 
elements, uranium and thorium, are 
among those with the highest, atomic 
weights. 


DiscovERy or PoroNiUM 


5.5. While studying the ionizing 
power of the radiations from various 


* The title of this paper is “On a new radi 
and it is here that the word radioactive was used a; 
However, in her life of Pierre Curie, Marie Cui 
I proposed the term radioactivity.” The impli 


the name. 


ioactive substance, contained in 


very remarkable and leads to the belief 
that these minerals may contain an ele- 
ment much more active than uranium.” 
At this point, because of the challeng- 
ing nature of the problem, Pierre Curie 
put aside his own work, and in 1898 he 
joined his wife in an attempt to dis- 
cover the cause of the unexpected ac- 
tivity of the minerals pitchblende and 
chaleolite. In a joint publication* they 
reported: Studies of the compounds of 
uranium and of thorium have shown 

: that the property of emitting 
rays, which make the air conducting 
and which act on photographic plates, 
is a specific property of uranium and of 
thorium found in all the compounds of 
these metals, being weaker as the pro- 
itchblende,”” 


pparently for the first time, at least in print. 
rie said: “To define this new property .. . 


cation is that Marie Curie was responsible for 
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portion of the active metal in the com- 
pound is itself smaller. The physical 
state of the substance seems to have an 
altogether secondary importance. ... . 
Hence, it appears very probable that 
if certain minerals are more active than 
uranium and thorium, it is because 
they contain a substance more active 
than these metals. . . . We have at- 
tempted to isolate this substance in 
pitchblende, and the experiments have 
confirmed the foregoing conclusion. 
. . . The pitchblende [used] was about 
two and a half times as active [in pro- 
ducing ionization] as uranium . . . it 
was attacked with acids and the solu- 
tion obtained was treated with hydro- 
gen sulfide. The uranium and thorium 
remained in solution, [but] the precipi- 
tated sulfide contained a very active 
substance, together with lead, bismuth, 
copper, arsenic and antimony.” 

5.6. The arsenic and antimony sul- 
fides were dissolved out by means of 
ammonium sulfide, and from the nitric 
acid solution of the residue the lead 
was precipitated as sulfate. Ammonia 
was then added to separate the bis- 
muth from the copper.* The active 
substance was found to be largely as- 
sociated with the resulting precipitate 
of bismuth hydroxide. The separation 
from bismuth proved difficult, but fi- 
nally it was found that if the sulfides 
were heated to 700°C in an evacuated 
tube, the active sulfide was obtained as 
a black deposit in the cooler regions of 
the tube. The Curies then concluded: 
“By carrying out these operations, 
more and more active products are 
obtained. Finally, we obtained a sub- 
stance whose activity is about 400 
times as great as that of uranium. . . - 
We believe, therefore, that the sub- 
stance we have isolated from pitch- 
blende contains a hitherto unknown 
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metal. . . . If the existence of this 
new metal is confirmed, we propose to 
call it polonium, after the name of the 
native country of one of us [Madame 
Curie]." 


DiscovERY AND ÍSOLATION 
or RADIUM 


5.7. In the course of further investi- 
gation, the Curies, together with an 
assistant, G. Bémont, found that pitch- 
blende contained “a second strongly 
radioactive substance, entirely differ- 
ent from the first [i.e., polonium] in 
its chemical properties . . . this new 
radioactive substance . . . has all the 
chemical characteristies of barium. It 
is not precipitated by hydrogen sulfide, 


‘ammonium sulfide or ammonia; the 


sulfate is insoluble in water and in 
acids, the carbonate is insoluble in 
water; and the chloride is very soluble 
in water but insoluble in concentrated 
hydrochloric acid and in alcohol. . . . 
Although the [product] consists mainly 
of barium, it contains, in addition, a 
new element which confers radioac- 
tivity on it and which resembles 
barium in its properties. . . . Upon 
dissolving . . . [the mixed] chlorides 
in water and partly precipitating with 
alcohol, the precipitated portion is 
much more active than that remaining 
in solution.” 

5.8. By dissolving the precipitate in 
water and reprecipitating with alcohol, 
and repeating this procedure several 
times, a product was finally obtained 
with an activity 900 times as great as 
that of uranium. It was only lack of 
material, which diminished steadily in 
quantity as the barium chloride was 
removed, that prevented the attain- 
ment of even higher activities. The - 
results were explained by the presence 


*The reader who is familiar with qualitative inorganic analysis will recognize in this pro- 


cedure the conventional method used in the separation of m 


ie cations. 
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of a new element to which was given 
the name radium.* Since the most ac- 
tive product still containéd a large pro- 
portion of barium it was concluded, 
quite correctly, that the "radioactivity 
of radium must be enormous," com- 
pared with that of uranium. The view 
that the highly active chloride did in- 
deed contain a new element was sup- 
ported by the spectroscopie observa- 
tions reported in an accompanying 
note by M. Demarcay; he stated that 
the spectrum contained, in addition to 
the barium lines, a line that did not 
correspond with that of any other 
known element. 

5.9. In order to confirm their claim 
to have discovered two new elements 
possessing marked radioactive proper- 
ties, the Curies felt it necessary to 
work with larger quantities of material 
in the hopes that they might thereby 
obtain appreciable amounts of prod- 
ucts of greater purity. Through the 
influence of the Academy of Sciences 
in Vienna and the cooperation of the 
Austrian Government, then owner of 
the famous St. Joachimsthal mines in 
Bohemia,} the Curies secured a ton of 
pitchblende residues from which much 
of the uranium had been extracted. 
From these residues, working in an old 
shed, under the most primitive and 
difficult conditions, they obtained a 
specimen of radium chloride which 
they succeeded in Separating from its 
associated barium chloride by repeated 
fractional. crystallization, By 1902, 

adame Curie reported the isolation 
from the pitehblende residues of one 
tenth of a gram of radium chloride, of 
sufficient purity to be used for the 
determination of the atomie weight of 
radium. This accomplishment repre- 
sented the culmination of a supreme 


* From the Latin radius (ray). 
1 Now Czechoslovakia. 


f About 1100 radioactive species are now known, 
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effort of scientific faith and persever- 
ance. 


NATURAL RADIOELEMENTS 
5.10. Following upon the identifi- 


“cation of polonium and radium by the 


Curies, another new radioactive ele- 
ment, named actinium, was discovered 
in pitchblende residues by the French 
scientist A. Debierne in 1899, and in- 
dependently, some two years later, by 
F. Giesel in Germany. In 1900, there- 
fore, five different radioactive elements, 
ineluding uranium and thorium, were 
known. By the end of 1904, largely 
as a result of the fundamental discover- 
ies made by Ernest Rutherford, then 
in Montreal, Canada, in collaboration 
with the English chemist Frederick 
Soddy, 20 elements possessing radio- 
active properties had been described; 
this number was extended to more 
than 30 by 1912, and at the present 
time 42 radioactive species or radio- 
elements, as they are now called, of 
high atomic weight are known to exist 
in nature. 

5.11. In addition, a few of the lighter 
elements, namely, potassium, rubid- 
ium, samarium, lutetium, rhenium, and 
perhaps one or two others, possess 
feeble radioactive properties in their 
normal states. It should be emphasized 
that the elements referred to here are 
those which are radioactive in the 
forms in which they occur naturally. 
One of the outstanding achievements 
of modern atomic science has been the 
production of virtually every one of 
the known elements, and of some 
others previously unknown, in radio- 
active forms. This aspect of radioac- 
tivity and its important applications 
in science and medicine will be de- 
scribed in later chapters.t 


but of these only about 50 exist in nature. 
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RADIOACTIVE DECAY AND RECOVERY 


Uranium X AND THORIUM X 


5.12. While studying the radioac- 
tive properties of uranium in 1900, 
William Crookes, whose work on cath- 
ode rays was mentioned in Chapter 2, 
made a somewhat surprising discovery. 
He added ammonium carbonate to a 
solution of uranium nitrate in water 
until the precipitate which first formed 
had almost completely redissolved, 
leaving a small quantity of a flocculent 
residue. Upon examining the effect of 
this residue on a photographic plate, 
he found it to be very active, whereas 
the product obtained from evaporating 
the solution, which actually contained 
essentially all the uranium, was virtu- 
ally inactive, 

5.13. This unexpected result led 
Crookes to suggest that, contrary to 
the views of Becquerel and the Curies, 
radioactivity was not an inherent 
property of the element uranium, but 
of an extraneous substance associated 
with it. To this active substance 
Crookes gave the name uranium X. 
Apparent confirmation of this idea was 
provided by Becquerel himself when 
he observed that, if barium chloride 
was mixed with a solution of a: ura- 
nium salt and then sulfuric acid added, 
the precipitated barium sulfate, which 


contained none of the uranium, carried. 


virtually all of the radioactivity. 

5.14. Becquerel was not satisfied, 
however, with Crookes's suggestion 
that the observed activity of uranium 
salts was due to an impurity. For, he 
said, “the fact that the radioactivity 
of a given salt of uranium, obtained 
commercially, is the same, irrespective 
of the source of the metal, or of the 
treatment it has previously undergone, 
makes the hypothesis not very prob- 
able. Since the radioactivity can be 


decreased [by suitable precipitation] 
it must be concluded that in time the 
salts of uranium recover their activ- 
ity." This conjecture was verified by 
Becquerel in 1901, for having prepared 
some uranium salts whose activity had 
been removed in a barium sulfate pre- 
cipitate, he put them aside for 18 
months. At the end of that time he 
found that the uranium compounds 
had completely regained their activity, 
as regards their ability to render air 
conducting and to ‘affect a photo- 
graphic plate. The barium sulfate 
precipitate, however, had become com- 
pletely inactive. ‘The loss of activity,” 
wrote Becquerel, “. . . shows that the 
barium [sulfate] has not removed the 
essentially active and permanent part 
of the uranium. This fact constitutes 
then a strong presumption in favor of 
the existence of an activity peculiar to 
uranium, although it is not proved that 
the metal be not intimately united with 
another very active product.” 

5.15. Observations analogous to 
those described above were reported 
by Rutherford and Soddy in 1902 as 
the result. of experiments with thorium 
compounds. Thorium nitrate was dis- 
solved in water and sufficient ammonia 
was added to precipitate the whole of 
the thorium as its hydroxide. The 
filtrate was evaporated to dryness and 
heated to drive off the ammonium 
salts. The small residue remaining, 
which Rutherford and Soddy called 
thorium X, by analogy with Crookes’s 
uranium X, carried essentially all the 
radioactivity, whereas the thorium hy- 
droxide precipitate was inactive. But 
in the course of a few days, it was 
noted that the thorium X. was losing 
its activity, while the thorium, which 
had been freed from thorium X, re- 
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covered its activity at the same rate, 
as shown in Fig. 5.2.* 


100 


$ 8 


RELATIVE ACTIVITY 
rs 
ô 


[] 5 40 $20. 2. 30 
TIME IN pays 


Fia. 5.2. Decay of thorium X and recov- 
ery of thorium, as observed by Rutherford 
and Soddy. 


5.16. Rutherford and Soddy also 
made a quantitative study of the rate 
of decay of the activity of uranium X 
and of the rate of recovery of the 
activity of uranium after the uranium 
X had been removed. The curves ob- 
tained were similar in shape to those 
in Fig. 5.2, the only difference being 
that it required about six months for 
uranium to regain its original activity, 
although thorium recovered in about a 
month. Since the uranium (or thorium) 
recovers its activity at the same rate 
as the activity of the separated ura- 
nium X (or thorium X) decays, it can 
be understood why, in the ordinary 
way, uranium and thorium compounds 
do not exhibit any appreciable change 
of activity with time. 

5.17. It was established, therefore, 
that uranium and thorium were asso- 
ciated with uranium X and thorium X, 
respectively, which differed in their 
chemical and radioactive properties 
from ordinary uranium and thorium. 
This fact alone is not in any way un- 
usual, but it is remarkable that, after 
being removed, the active Species is 


* When Rutherford was elevated to the Bri 
important role in the history of radioactivity, a 
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regenerated in the course of about six 
months by the uranium and one month 
by the thorium, After regeneration in 
this manner, the uranium X and tho- 
rium X can again be separated, and the 
almost inactive residue will once more 
recover its activity in due course. This 
removal and recovery of the activity 
can be repeated almost indefinitely. 
Before proceeding to consider the in- 
terpretation of these results, it is 
necessary to describe some other ob- 
servations which have a bearing on 
the problem. 


RADIOACTIVE EMANATION 


5.18. In 1899, Marie and Pierre 
Curie had reported that substances 
placed in the vicinity of a radium 
preparation acquired an “induced” or 
“excited” activity. Furthermore, in the 
same year, R. B. Owens, of Columbia 
University, working in Rutherford’s 
laboratory in Montreal, noted that the 
radioactivity of thorium appeared to 
be affected by currents of air, An ex- 
planation of these diverse phenomena 
was provided by the work of Ruther- 
ford in 1900. He found that thorium 
salts continuously liberate a radioac- 
tive gas, which he called emanation; 
the activity of this emanation decays 
quite rapidly, but in doing so it leaves 
an “induced” activity on surrounding 
matter. 

5.19. That radium salts emit an 
emanation was proved by F. E. Dorn 
in 1900, anda corresponding actinium 
emanation was discovered in 1903 by 
A. Debierne. The emanations were 
found to behave like ordinary gases in 
all respects, and were even capable of 
being liquefied at low temperatures, 
their radioactivity remaining unaf- 
fected. In each case the decay of the 
activity of the emanation was accom- 


which played an 
eon. 
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panied by the development of an 
"induced" activity in the containing 
vessel or on materials in the immediate 
vicinity. This was later shown by 
Rutherford to be due to what he called 
an active deposit, left by the emanation 
as it decayed. 


. 
THEORY or RADIOACTIVE 
DISINTEGRATION 


5.20. With the object of correlating 
these perplexing facts, Rutherford and 
Soddy proposed in 1902 the theory of 
radioactive disintegration. They sug- 
gested that the atoms of radioelements, 
unlike those of inactive elements, un- 
dergo spontaneous disintegration with 
the emission of alpha or beta particles 
and the formation of atoms of a new 
element. In the words of Rutherford 
and Soddy: “The disintegration of the 
atom and the expulsion of a... 
charged particle leaves behind a new 
system lighter than before and possess- 
ing physical and chemical properties 
quite different from those of the origi- 
nal parent element. The disintegration 
process, once started, proceeds from 
stage to stage with measurable veloci- 
ties in each case."* 

5.21. On the basis of these views, 
the observations recorded above find a 
ready explanation. Uranium, for ex- 
ample, which itself possesses only weak 
activity, may be supposed to undergo 
disintegration with the formation of 
the much more active uranium X, hav- 
ing chemical properties different from 
those of its parent.[ Upon the addi- 
tion of ammonium carbonate, the ura- 
nium X is precipitated, but the uranium 
is retained in solution. The liquid is 
consequently inactive, whereas the 
solid residue is highly active. 


N 


5.22. In the course of time the ura- 
nium X in the precipitate disintegrates 
further, the product being less active; 
hence, there is a gradual decay of its 
activity. The disintegration stages may 
thus be represented, approximately, 
by the following scheme: 


Uranium — Uranium X — Product. 
(feeble (strong (feeble 
activity) activity) activity) 


The uranium in solution, however, con- 
tinues to disintegrate, and in doing so 
produces more uranium X; the activ- 
ity consequently increases until a cer- 
tain equilibrium amount is attained. 
The uranium is then decaying to form 
uranium X just as fast as the latter is 
breaking up; the quantity of uranium 
X present, and hence the observed 
activity, remains essentially constant. 

5.23. It should be mentioned that, 
although the product formed by the 
disintegration of uranium X appears to 
be almost inactive, it is actually under- 

ing further disintegration. It is now 
known that this process is extremely 
slow, and if the material were kept for 
a sufficient length of time, probably 
some hundreds of years, it would un- 
doubtedly exhibit appreciable radio- 
activity. 

5.24. The three radioactive ema- 
nations, similarly, are to be regarded 
as disintegration produets of radium, 
thorium, and actinium, respectively. 
The fact that they'are gases is imma- 
terial, since the physical and chemical 
properties are not necessarily related 
to those of the parent elements. In a 
relatively short period, the emanations 
themselves disintegrate; the products 
are solids and so they are deposited on 
surrounding materials, thus causing 


wx 


* Thi “metabolon,” from the Greek metabolos, meaning changeable, was ted 
8 aio lodos ; ly adopted and it ds no "obsolete. 


to describe a radioactive element, but it was not generall: 
a mixture, 


t Uranium X is now known to 


resulting from successive disintegrations, but 


this does not affect the main argument given here. 
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the “induced” activity first observed 
by the Curies. These products also 
disintegrate in turn until, ultimately, 
an inactive end product is formed. 

5.25. Becquerel, Pierre Curie, and 
others had found that. radioactive 
changes could not be affected by high 
or low temperatures, or by any other 
available physical means. The rates 
of ordinary chemical changes, on the 
other hand, are markedly influenced 
by changes of temperature, and some- 
times by pressure. The implication of 
this difference between radioactive and 
chemical processes was realized by 
Rutherford and Soddy who wrote: 
"Since . . . radioactivity . . . is an 
atomic phenomenon. . . in which new 
types of matter are produced, these 
changes must be occurring within the 
atom. The results that have so far 
been obtained, which indicate that the 
velocity of the [radioactive] reaction 
is unaffected by the conditions, make 
it clear that the changes in question 
are different in character from any 
that have been before dealt with in 
chemistry. . . . Radioactivity may 
therefore be considered as a manifes- 
tation of subatomie change." 

5.26. Although the theory of the 
Spontaneous disintegration of radio- 
active substances is now accepted 
without reserve, it disturbed scientists 
during the early years of the present 
century. In spite of its undoubted 
ability to account for the facts of radio- 
activity, some chemists and physicists 
expressed strong opposition to the 
theory, because they felt that it was 
contrary to the established views on the 
permanence of the atom. As Ruther- 
ford remarked in later years: “Byery- 
one wanted to jump on me in those 
days.” 


* There is evidence that, in speci 
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5.27. In the course of time, however, 
it became evident that radioelements 
were in fact unstable, and that the 
atoms were undergoing spontaneous 
change at a finite rate. The disinte- 
gration theory, as proposed by Ruther- 
ford and Soddy, consequently forms 
the bagis for the interpretation of the 
properties of the 50 or so natu- 
rally occurring radioactive species now 
known, as well as the many which have 
been obtained in other ways. A fuller 
treatment of the fundamental impli- 
cations of the theory in terms of atomic 
nuclear structure will be given later 
(§ 6.9). 

5.28. It may be wondered how the 
concept of the spontaneous change of 
one element to another in radioactive 
disintegration can be reconciled with 
the view that the elements are the 
simplest forms of matter. It is for this 
very purpose that an element was de- 
scribed in § 1.14, as something which 
could not be split up by means. of 
ordinary chemical reactions. Radio- 
active changes, as indicated above, 
differ fundamentally from chemical 
reactions, and so the fact that an ele- 
ment can break up spontaneously in a 
radioactive change, the rate of which 
cannot be altered in any known way,* 
is not contrary to the accepted defi- 
nition of an element. 


SEPARATION AND IDENTIFICATION 
OF RADIOELEMENTS 


5.29. By the use of various physical 
and chemical methods, the successive 
radioactive products have been sepa- 
rated from one another and identified. 
Some of these processes have already 
been mentioned, such as, for example, 
the precipitation of polonium in the 
form of its sulfide, of radium as the 


circumstances, a spontaneous nuclear change known 


as electron capture, which is a kind of a reversed beta acti: Y 
state of the element, The situation is, however, poor d dde % rary whee or 
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sulfate, and of uranium X by means of 
ammonium carbonate. Since most ra- 
dioelements are available in very small 
amounts only, the separation is usually 
performed in the presence of an ap- 
preciable quantity of a carrier, which 
is a nonradioactive substance having 
somewhat similar chemical properties. 
Thus, bismuth acts as a carrier for 
polonium, barium for radium, iron for 
uranium X, and so on. The carrier can 
usually be separated from the radio- 
element if desired, as described earlier 
for polonium and radium. Methods 
involving electrolytic deposition have 
been used to separate radioelements; 
so also has vaporization at high tem- 
peratures, which takes advantage ‘of 
the differing volatilities of analogous 
compounds, 

5.30. The phenomenon of recoil has 
been utilized in certain cases to sepa- 
rate a product from its parent. This 
depends on the fact that, when an 
alpha particle is expelled with high 
velocity, the remaining radioactive 
atom must recoil in the opposite direc- 
tion. The mass of the alpha particle is 
4, compared with about 220 for the 
atom of the radioelement, and so the 
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recoil speed of the latter will be 4/220, . 
i.e., 1/55, of the velocity of the alpha 
particle. The atom will thus recoil at 
about 3 to 4 X 10’ cm per sec. This 
relatively high speed allows the radio- 
active atoms to leave the plate or wire 
on which the parent element is de- 
posited, provided the latter is in the 
form of a thin layer. The recoil atoms 
ean be collected on an electrically 
charged plate or wire a short distance 
away. It may be noted that recoil, in 
principle, also accompanies the emis- 
sion of a beta particle, and even a 
gamma-ray photon (§ 3.35), but the 
recoil velocity is too small to permit 
the remaining atom to travel any 
appreciable distance. 

5.31. The production of a gaseous 
emanation provides a convenient 
means of separating this radioactive 
species from those which precede it in 
the disintegration series. The emanation 
soon breaks down to form the solid 
active deposit which can be collected 
on a negatively charged wire placed in 
the gas. By heating the wire, a partial 
separation may be achieved of the 
radioelements formed by disintegration 
of the initial deposit. 


RADIOACTIVE CONSTANTS 


Rate or DISINTEGRATION 
(on Decay) 


5.32. One of the most powerful 
methods for the determination and 
identification of a radioelement after 
separation is to measure the rate of dis- 
integration. Because of its significance 
in the development of radioactiyity, 
the subject merits some detailed con- 
sideration. From the shape of the 
curve representing the rate of decay of 
radioactivity, such as that in Fig. 5.2, 
it appeared to Rutherford and Soddy 
(1902) that the activity was diminish- 


ing in what the mathematicians call 
an exponential (or logarithmic) manner. 
This would mean that the rate of decay 
of an active species, i.e., the number of 
atoms which disintegrate in a unit 
interval of time, is proportional to the 
total number of atoms of that species 
present at that time. Since disinte- 
gration is taking place continuously, - 
the number of atoms present is chang- 
ing, and so also is the rate of disinte- 
gration. 

5.33. In order to deal with a situ- 
ation of this kind it is necessary to 


144 
make use of the methods of simple 
calculus. Suppose that at a given in- 

- stant there are present N atoms of a 
particular radioelement; suppose, fur- 
ther, that in the extremely small subse- 
quent time interval dt, the number of 
atoms disintegrating is dN. The rate 
of disintegration is then represented by 
dN /dt. It was postulated above that 
the rate of disintegration is propor- 
tional to the total number of atoms N ; 
hence, 


nm AN, (5.1) 
where ) is a constant, which Ruther- 
ford and Soddy called the radioactive 
constant of the element under consider- 
ation.* The negative sign in equation 
(5.1) is necessary because the number 
of atoms of the radioactive element 
decreases with time, and hence the 
rate dN /dt is a negative quantity. 
5.34. The radioactive (or decay) 
constant A is a definite and specific 
property of a given radioelement. Its 
value depends only on the nature of 


the species, and is independent of the 


physical condition or state of chemical 
combination, Within the limits accessi- 
ble in the laboratory, it is also not 
affected by changes of temperature or 
pressure. The decay constant is thus a 
means of characterizing a radioele- 
ment. 

5.35. Upon rearranging equation 
(6.1) into the form 


dN 
gumias 


and carrying out the process of inte- 
gration, the result is 


In ((,/N) = —X, (5.2) 
or, in the equivalent exponential form, 
Ni = Noe, (5.3) 
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where N is the number of atoms pres- 
ent at any arbitrary zero time and N, 
is the number remaining after the 
lapse of a further time interval t. The 
symbol In is used to represent natural 
logarithms, in aecordance with. the 
general practice in scientifie writings. 
The conversion to ordinary (Briggsian) 
logarithms to the base 10 may be made 
by introducing the conversion factor 
0.4343, so that 


log (N/N9) = —04343M, 
which may be written as 
log N: = log No — 0.4343M. (5.5) 


5.36. This expression means that if 
the logarithm of N, the number of 
atoms present at any time, is plotted 
on a graph against the time, with 
reference to any arbitrary zero, the 
results should fall on a straight line. 
The slope of this line will be equal to 
—0.4343A, and hence it can be used 
to obtain the value of A, the decay 
constant, for the given radioelement. 
The manner in which equation (5.5) 
can be employed for this purpose will 
be seen in § 5.51. 

5.37. It may be mentioned here, 
however, that the logarithmic or expo- 
nential equations derived above have 
been found to represent very accu- 
rately the rates of disintegration of all 
known radioelements, although the ex- 
treme values of ^ differ by a factor of 
more than 10*. In other words, the 
equations are applicable to species 
which disintegrate extremely rapidly, 
as well as to those which decay very 
slowly. 


Tue MEAN Lire or A RADIOELEMENT 


5.38. Since dN is the number of 
atoms of the radioelement disintegrat- 
ing in time dt, the quantity dN, /N 


(5.4) 


PUN t ; 
ts T n snow frogei referred to as the disintegration constant or the decay constant of 
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represents the fraction of the total 
number of atoms present which decay 
in this time. Upon dividing by dt, and 
including a minus sign, the result, i.e., 
—(dN/N)/dt, will consequently be the 
fraction of the radioactive atoms pres- 
ent decaying in unit time. From equa- 
tion (5.1) it will be apparent that this 
quantity is equal to X, so that the 
radioactive decay constant is actually 
the fraction of the total number of 
atoms of the given radioelement dis- 
integrating in unit time. 

5.39. The atoms may be regarded 
as having a mean life or average life, 
as suggested by Soddy in 1904; then if 
the fraction \ decaying in unit time is 
multiplied by the average life, the 
result should be unity. Hence, the 
reciprocal of the decay constant, i.e., 
1/A may be taken as representing 
the mean life of the particular radio- 
active atoms. The average lives of the 
natural radioelements vary from 10° 
sec to more than 10" years, i.e., 10" 
sec, so that the range is enormous. 

5.40. It is opportune at this point to 
consider the physical significance of 
the decay equations. The exponential 
nature of the decay implies that there 
isa definite probability, determined by 
the constant A, that any particular 
atom will disintegrate at any given 
moment. The life of a given atom, i.e., 
the length of time it can exist before 
it disintegrates, may have any value 
from zero to infinity, and it is impossi- 
ble to tell in advance when it will 
disintegrate. It is known, however, 
that a definite fraction, A, of the atoms 
present at any instant will decay in 
unit time, although it cannot be fore- 
told which particular atoms will do so. 

5.41. The situation is analogous to 
that existing among human beings; 
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insurance companies cannot predict 
the fate of any individual, but they 
have established an accurate pattern 
of the average expectation of life 
among persons of different types. In 
the case of a radioelement, the average 
expectation of future life of the atoms 
present at any instant is equal to 1 IN 
where } is the radioactive decay con- 
stant of the particular element.* Hu- 
man beings do not all die when they 
reach the average age as calculated by 
actuaries, and radioactive atoms be- 
have similarly. Radioactive disinte- 
gration is thus an atomic (nuclear) 
process taking place at a definite rate, 
some atoms of a given element having 
a short life and others a longer life. The 
statistical average for a very large 
number of atoms, however, gives the 
mean life 1/^, as described above. 


RADIOACTIVE EQUILIBRIUM 


5.42. In the preceding treatment it 
has been supposed that the radio- 
element has been separated from its 
parent, so that it is not regenerated as 
it disintegrates. This condition applies 
to Fig. 5.2 for the decay of thorium X, 
and for the analogous case of uranium 
X. A different situation, which occurs 
in nature, arises when the radioactive 
parent element has a long average life 
and its decay product, or daughter ele- 
ment, is not separated from its parent. 
After a time, a state of equilibrium, 
called secular equilibrium, is attained. 
The daughter element then disinte- 
grates as fast as it is being formed 
from its parent. According to equation 
(5.1), the rate of disintegration of a 
parent element, represented by the 
subscript 1, is equal te ^Ni, where N, 
is the number of atoms of the parent 
present and X is its decay constant. If 


* Radioactive atoms differ from human beings in a highly important respect. At any in- 
stant, the mean expectation of life for a given radioelement is independent of the time elapsed 
since the formation from its parent. à 
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every atom of parent produces one 
atom of the daughter element upon 
disintegration, as is undoubtedly the 
case in ordinary radioactive processes, 
this also represents the rate of forma- 
tion of the daughter from its parent. 
Similarly, the rate of disintegration of 
the daughter element is given by XN5, 
where N, is the number of atoms of the 
daughter present and X is its decay 
constant. In the secular equilibrium 
condition the rate of formation of the 
daughter from its parent will be exactly 
equal to its own rate of disintegration; 
hence, 


XN; = NNa, (5.6) 


where N, and N; are here the numbers 
of atoms of parent and daughter, re- 
spectively, present at equilibrium. 

5.43. If the daughter element also 
disintegrates, it is itself the parent of a 
daughter, which may be represented by 
the subscript 3, so that, when secular 
equilibrium is attained, a relationship 
exactly analogous to equation (5.6) will 
apply, namely, XN, = X;N;. It can be 
seen, therefore, that if there are a 
number of successive disintegrations, 
the general condition for radioactive 
equilibrium is given by 


NN; = NN; = XN; = ANo = i 
(5.7) 


where Nj, N2, Na, etc., are the numbers 
of atoms of the radioactive species p 
2, 3, etc., present at equilibrium, and 
M, M, As, ete, are their respective 
decay constants. Consequently, for 
any two members A and B of a radio- 
active series, regardless of whether 
they are parent and daughter, or 
whether they are separated by several 
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generations, it is evident that MaN a = 
AaNs, so that 


Nac i) nt. (58 

Adi constant. (5.8) 
Since A, and ^s are both constants the 
quantity As/A4 is also a constant, and 
hence the ratio of the amounts of any 
two members of a disintegration series 
will be constant in the condition of 
radioactive secular equilibrium.* 

5.44. The results just derived have 
some interesting and useful applica- 
tions. In 1903, Rutherford and Soddy 
made the suggestion that radium was 
itself a disintegration product of 
another element, and in 1904 Ruther- 
ford indicated that, since radium was 
always found in uranium minerals, it 
might be a descendant of uranium. He 
stated that, if this were so, the ratio 
of uranium to radium in these minerals 
should be constant, as required by 
equation (5.8). Shortly thereafter, 
B. B. Boltwood, of Yale University, 
H. N. McCoy, of the University of 
Chicago,f and R. J. Strutt (8 2.105), 
independently, reported that this was 
in fact the case, so that radium and 
uranium were proved to be members of 
the same disintegration series. As far 
as is known, all uranium minerals 
contain 1 part of radium to 2.8 million 
parts of uranium. 

5.45. If uranium is an ancestor (or 
preeursor) of radium, then, upon keep- 
ing a pure specimen of uranium for 
some time, radium should gradually ac- 
cumulate. An attempt to test this possi- 
bility was made by Soddy in 1905, but 
the results were unsatisfactory because 
of an impurityin the uranium. How- 
ever, in 1907, Boltwood showed that 


*]t should be emphasized that nidis (5.8) is applicable only if the parent element of 


the decay series has a long aver; 
series (8 5.56 el seq.). € 


energy project in 1942. 


ife; this condition is satisfied in the natural radioactive 


tB. B. Boltwood and H. N. MeCoy pi 
States. McCoy’s active interest in this A fr 


tudy of radioactivity in the United 
rom 1903 up to the wartime atomic 
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anelement, which he called ionium, that 
decayed very slowly, lay between ura- 
nium and. radium. Consequently it 
would take many years to produce a 
detectable amount of the latter from. 
the former, unless very large quantities 
were used. 


Tue HALF-LIFE OF A 
RADIOELEMENT 


5.46. As an alternative to the radio- 
active decay constant, another con- 
stant, introduced by Rutherford in 
1904, called the half-life, is commonly 
employed as a characteristic property 
of a radioelement. The half-life is the 
time required for the radioactivity of 
a given amount of the element to decay 
to half its initial value. This time, 
represented by the symbol T, can be 
readily evaluated from equation (5.4) 
in the following manner. After the 
lapse of time 7, the number of radio- 
active atoms, N, will be half the initial 
number No, so that N,/No is 44. Upon 
inserting this value for N;/No in equa- 
tion (5.4), and replacing t by the 
half-life T, it is seen that 


log 14 = —0.4343\T 
or 
log 2 = 0.4343) T, 


and hence 
0.693 


TL. 


(5.9) 
The half-life of the radioelement can 
thus be obtained directly from A, the 
decay constant. Since 1/A is equal to 
the average life, it follows that the 
half-life is 0.693 times the average life 
of the radioactive species. 

5.47. The fact that radioactive ele- 
ments disintegrate in an exponential 
manner has some eurious consequences. 

* Since the law of radioactive deca: 
number of atoms (or nuclei) is 


not be correct in actual practice. 
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Suppose, for the sake of illustration, 
that a particular radioelement has a 
half-life T of 1 hour. Starting, for ex- 
ample, with 1 gram of the element, one 
half, i.e., 0.5 gram, will have disinte- 
grated by the end of 1 hour, so that 0.5 
gram remains. During the next hour 
one half of this amount, i.e., 0.25 gram, 
will disintegrate, leaving 0.25 gram. 
By the end of the third hour, another 
0.125 gram will have decayed, and so 
on. In each successive hour the actual 
amount which disintegrates is less than 
in the preceding hour, although it is 
always the same fraction of the amount 
present at the beginning at that par- 
tieular hour (Fig. 5.3). In general, 


ACTIVE MATERIAL 


TIME 


Fic. 5.3. Radioactive decay, illustrating 
the principle of half-life. 


since the activity is reduced to one 
half of its initial value in the time T, 
the fraction remaining after m such 
intervals, ie. after time nT, will be 
(14)^. Although this fraction may be- 
come very small, it can, theoretically, 
never fall to zero.* However, after ten 
times the half-life the activity has 
fallen to (14)", which is about 0.001, 
or 0.1 percent, of the original amount; 
the remaining activity is then negli- 
gible in comparison with the initial 
value. : 


is a statistical law, it may well break down when the 
Hence, this statement, based on equation (5.3), may 


148 


5.48. By combining equation (5.8) 
with (5.9) so as to eliminate the }’s, it 
is found that, in the state of radio- 
active (secular) equilibrium, 


Na 
Ns 


Hence, if the ratio can be determined 
of the equilibrium amounts of two ele- 
ments in a particular series with a 
long-lived parent, and the half-life of 
one of them is known, the half-life of 
the other can be calculated. It will be 
shown below (8 5.51) that, for elements 
which disintegrate moderately rapidly, 
the half-lives can be found by direct 
observation of the rate of decay; but 
when the disintegration is very slow, 


ual constant. (5.10) 
Tp 


and the half-lives are very long, direct . 


measurements are not too accurate. In 
eases of this kind use may be made of 
equation (5.10). For example, uranium 
minerals, most of which are-old enough 
for radioactive equilibrium to have 
been established, contain 1 atom of 
radium to every 2.8 X 10° atoms of 
uranium. Hence, if the latter is taken 
to represent A and the former B, 
the value of N4/Ns at equilibrium is 
2.8 X 10*. The half-life T& of radium 
is known from direct measurements to 
be 1620 years, so that the half-life 
Ta of uranium is given by equation 
(6.10) as 


Piu Ap. osse 10 1690 
Np 


= 4.5 X 10° years. 


This is the accepted value for the half- 
life of the common form of uranium. 

5.49. In view of the fact that radio- 
elements are undergoing continuous 
disintegration, it may be wondered 
that any of these species still exist. 


* When the phenomenon known as “internal version’? 
(§ 8.108), an orbital electron is expelled in addition. Furthermore 
cases a radioactive species may expel two beta 


Sourcebook on Atomic Energy 


Chap. 5 


The explanation is that each natural 
radioactive series has a precursor of 
very long half-life. As seen from the 
calculation made above, the half-life 
of uranium is 4.5 billion years, which 
is about the same as the estimated age 
of the earth. This means that roughly 
half of the uranium present when the 
earth was formed still survives. Hence, 
as the various radioactive products 
decay, they are replaced by the disinte- 
gration of their parents, the supply 
being maintained by the reserve of 
uranium. It is of interest to note that 
only three series of radioelements exist 
in nature, namely, the uranium, tho- 
rium, and actinium series (§ 5.56), 
although four should be possible. It 
will be seen later (§ 5.65) that the 
longest-lived member of the fourth 
series has a half-life of about 2 million 
years, so that in the time which has 
elapsed since the earth was formed it 
has decayed almost completely. 


DETERMINATION OF THE DECAY 
Constants AND Harr-Livgs 


5.50. As already implied, the deter- 
mination of the radioactive decay 
constant, and consequently of the half- 
life, is one of the most significant 
Measurements made with a radioele- 
ment. The methods employed depend 
on the assumption, which is in com- 
plete accord with all the known facts, 
that each radioactive atom of a given 
species expels from its nucleus either 
one alpha or one beta particle upon 
disintegration.* As a result the number 
of atoms disintegrating in a given time, 
and hence the rate of disintegration, 
could be evaluated by counting the 
number of alpha or. beta particles 
emitted. The counting of such particles 


15 an extremely important aspect of 
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radioactive studies, and several in- 
struments have been devised for the 
purpose. These will be deseribed in 
Chapter 7. In the meantime, some 
indication will be given of the methods 
of caleulation usually employed. 

5.51. For half-lives that are neither 
too long nor too short, say of the order 
of a fraction of a second to several 
months, use may be made of equation 
(5.5). The rate at which particles are 
emitted in a small time interval may 
be taken as proportional to the number 
N of active atoms remaining at that 
instant, in accordance with equation 
(5.1). If this rate, which can usually be 
determined by automatic counting 
instruments, measured after time t, is 
represented by I: then equation (5.5) 
may be written as 


log I, = log Ig — 0.4343M, (6.11) 


where To, which does not need to be 
known, is the disintegration rate at 
the arbitrary zero time. By plotting 
several values of the logarithm of I; 
determined after various time inter- 
vals £, against the time, as in Fig. 5.4, 


o E 10 5 20 25 30 
t (MIN) 


Fra. 5.4. Graphical determination of ra- 
dioactive (decay) constant. 


a straight line will result. From the 
slope of this line it is a simple matter 
to calculate the decay constant \ and 
the half-life 7. In the particular case 
shown, for example, the slope is 
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—0.0517, with the time expressed in 
minutes; hence à, which is equal to the 
slope divided by —0.4343, is 0.119 re- 
ciprocal minutes, and the half-life; by 
equation (5.9), is 5.82 min. The aver- 
age life, i.e., 1/A, is 8.40 min. 

5.52. If the radioactive substance is 
not pure, but consists of two or more 
elements with different half-lives, the 
plot of log I, against ¢ is not a straight 
line, but rather a combination of such 
lines, with different slopes, merging 
into one another and forming a curye. 
By analyzing this curve it is frequently 
possible to determine the Xs for all the 
radioelements present. If two of these 
species should have very closely similar 
half-lives, then such an analysis is not 
possible. Another circumstance which 
can arise is that the disintegration 
product of an element may contribute 
some activity, and thus confuse the 
results. In this event, the decay con- 
stant of the parent can be obtained 
from measurements made in the early 
stages, before perceptible amounts of 
the daughter element have accumu- 
lated. By the use of mathematical 
methods, it is possible to derive the 
decay constants of both parent and 
daughter. 

5.53. When the radioelement has a 
moderately long half-life, the procedure 
described above is not satisfactory, 
because the values of J; change very 
slowly with time, and it might be 
necessary to continue the measure- 
ments over several years to obtain 
sufficient data to make a plot such as 
that in Fig. 5.4. In cases of this kind, 
absolute measurements must be made. 
In the preceding method, it is not 
necessary to know how much material 
is used in the experiment, or the ac- 
tual disintegration rate; all that is 
required is that the same sample re- 
main in the same position relative to 
the counter while the measurements 
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are being made. In the absolute 
method, the actual total number of 
particles emitted in a given time from 
a definite weight of the radioelement 
must be known. Such measurements 
are possible, although not very sim- 
ple, and they have been made in a 
number of cases. 

5.54. If AN is the number of atoms 
disintegrating, i.e., the measured num- 
ber of alpha or beta particles emitted 
in a definite time interval At, say an 
hour or a day, which is appreciable 
although short in comparison with the 
half-life of the radioelement, then the 
ratio AN/At may be taken as a good 
approximation to the instantaneous 
rate off disintegration dN/dt. It fol- 
lows, therefore, from equation (5.1) 
that 


y= —AN/At, 
N 


(5.12) 


The radioactive decay constant can 
thus be evaluated by dividing the 
measured quantity AN/At by the ac- 
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tual number N of atoms of the radio- 
element present in the sample used 
for the experiments. This number can 
be determined, of course, from the 
known weight of the element in the 
sample, its atomie weight, and the 
Avogadro number, as described in 
§ 1.63. 

5.55. For radioelements of extremely 
short or extremely long lives, accurate 
measurements of the decay rates are 
diffieult to make. In some cases the 
half-life may be derived from the ratio 
of the amounts of two elements present 
in radioactive secular equilibrium, as 
described earlier in connection with 
radium and uranium (8 5.48). In other 
instances use may be made of certain 
equations relating the radioactive de- 
cay constant (or the half-life) to the 
energy of the particles emitted by the 
particular element. These relationships, 
which will be given later (§§ 8.28, 8.71), 
are not exact, but they are sometimes 
useful, especially for disintegrations in 
which alpha particles are produced. 


THE RADIOACTIVE SERIES 


RADIOACTIVE DISINTEGRATION 
SERIES 


5.56. As stated earlier, 42 radio- 
active species in the high atomic weight 
region have been identified as occur- 
ring in nature. By making physical or 
chemical separations when possible, 
as described in $5.29, by studying 
radioactive decay and growth curves, 
by determining the specific properties 
of the emitted radiations, and in other 
ways, it has been found that these 
radioelements of high atomic weight, 
at the end of the periodic system, fall 
into three distinct series. These are 
known as the thorium series, the ura- 


* This is another 
energy (Chapter 14). 


nium series, and the actinium series, 
respectively. In the first two cases, the 
series are named after the longest-lived 
precursors, thorium and uranium, with 
half-lives of 1.39 X 10 and 4.51 X 10° 
years, respectively. The parents of 
these elements undoubtedly had 
shorter lives, and consequently no 
longer exist in any detectable amounts. 
The parent of the actinium series is 
not, as was originally supposed, the 
element actinium, the first: member of 
the series to be discovered, but rather 
a much longer lived element, some- 
times referred to as actinouranium,* 
with a half-life of 7.1 X 108 years. 


name for uranium-235, the key material for the utilization of atomic 


"Ne — AC 


k 
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5.57. Since an alpha particle is iden- 
tical with a helium nucleus (§ 4.30), 
it has a mass, on the atomic weight 
scale, of 4, to the nearest integer. Con- 
sequently, it is evident that, in any 
disintegration stage in which an alpha 
particle is emitted, the atomic weight 
of the daughter element must be four 
units less than that of the parent. On 
the other hand, a beta particle is an 
electron, the mass of which is negligible 
on the atomic weight scale. Hence, 


" when there is a disintegration accompa- 


nied by the emission of a beta particle, 
the parent and daughter elements have 
virtually the same atomic weights. 
From actual determinations in certain 
cases, such as uranium, thorium, ra- 
dium, etc., and by allowing for the 
change accompanying alpha decay, the 
atomic weights (or mass numbers) of 
all the known naturally occurring 
radioelements can be inferred. 

5.58. In the accompanying tables 
there are recorded details of the tho- 
rium, uranium, and actinium series, 
including the nature of the radiations, 
and the half-lives of the respective 
members. In addition to the somewhat 
unsystematic names given to the vari- 
ous elements as they were discovered, 
but now becoming obsolete, each is 
associated in the table with the name 
of a familiar element; for example, 
thorium B, uranium B, and actinium B 
with lead; thorium C, radium C, and 
actinium C with bismuth; and so on. 
The reason for this correspondence and 
its significance will be explained in 
Chapter 6. 

5.59. The number given as a super- 
script to the symbol of each element is 
the atomic weight or, more correctly, 
the mass number (§ 4.36) of the radio- 
active species. It will be evident in due 


course that the combined symbol, in 
the third column, is more systematic 
and more informative than the older 
mode of representation. 

5.60. Attention may be called to the 
branched disintegration which occurs 
once, at least, in each series. Certain 
elements, such as thorium C, disinte- 
grate in two ways; one mode is accom- 
panied by the emission of an alpha 
particle and the other by a beta parti» 
cle.* The two types of disintegration 
always occur in a definite proportion 
in any given case; thus 33.7 percent of 
the thorium C atoms give off alpha 
particles to form thorium C’, whereas 
the other 66.3 percent emit beta parti- 
cles and become converted into atoms 
of thorium C". It will be noted that, 
upon subsequent disintegration, both 
thorium C’ and C” yield the same 
product, namely, thorium D. 

5.61. It may be mentioned here, for 
the sake of completeness, that each of 
the natural radioactive series has a 
number of "collateral" members. These 
have been made artificially (§ 16.87), 
and do not exist in nature. 


Tue NEPTUNIUM SERIES 


5.62. The mass number of thorium, 
i.e., the whole number nearest to the 
atomic weight, is 232, which is 4 X 58. 
Since an alpha-particle disintegration 
results in a decrease of 4 in the mass 
number, whereas there is no apprecia- 
ble change accompanying beta-particle 
emission, it is evident that the mass 
numbers of all members of the thorium 
series may be represented by 4n, where 
n is an integer varying from 58 
(thorium) to 52 (thorium D). In ex- 
actly the same way, it can be readily 
seen that all mass numbers in the 
uranium series are given by the ex- 


* When a radioactive species decays in two ways, the half-life quoted is the over-all value 
for the two modes. By equation (5.1), the decay constant à for each mode is proportional 
(and the half-life inversely proportional) to the fraction of the nuclei decaying by that mode. 
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pression 4n + 2, and those in the ac- | numbers are represented by 4n + 1. 
tinium series by 4n + 3. It will be | The possibility that such a series might. 
noted that there is no natural radio- | some day be discovered was suggested 
active series of elements whose mass | by the English chemist A. S. Russell in 


Tae Uranium SERIES 


Radioelement ju rg Symbol | Radiation | Half-Life 
Uranium I Uranium "Ug a 4.51 X 10* yr 
i dieat Xi Thorium "Th B 24.1 days 
Uranium X;"* Protactinium| Pa B 1.18 min 
Vaia T Uranium aT a 2.48 X 105 yr 
DRUG Thorium Th a 8.0 X 10 yr 
Rud Radium Ra a 1.62 X 10! yr 
Ra Jena Radon "Rn a 3.82 days 
dut A Polonium "spo a and 8 3.05 min 
99.98% | 0.02% 
Radium B | Lead “Pb B 26.8 min “ 

Astatine-218 Astatine mAt a 2 sec 
Radium C Bismuth Bi Banda 19.7 min 
99.9675 | 0.04% 
Radium Cc’ Polonium apo a 1.6 X 10~ sec 
Radium C" Thallium MNT 8 1.32 min 
Radium D Lead Ph B 19.4 yr 
SL 5 F 10397 Bismuth "pi Banda | 5.0 days 
Radium F | Polonium Apo a 138.4 days 
Thallium-206 Thallium “Tt B 4.20 min 

Radium G Lead Ph (| Stable | — 
(End Product) 


* Uranium X; is an excited state of ™Pa and undergoes isomeric transition (§ 10.147) to 
a small extent to form uranium Z (Pa in its ground state): -life of 
emitting beta radiation and forming uranium IT @U). D eR nme bate ee be 


. A Lu. RP 


Radioelement % Element 
Thorium Thorium 
Maske I Radium 
Mesothorium II Actinium 
Radiothorium Thorium 
Thorium X Radium 
Th Emanation Radon 
Thorium A Polonium 
Thorium B Lead 
Thorium [e] Bismuth 
66.3% | 33.7% 
Thorium C’ Polonium 

Thorium C” Thallium 

Thorium D Lead 
(End Product) 
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1.39 X 10? yr 
6.7 yr 

6.13 hr 

1.91 yr 

3.64 days 

52 sec 

0.16 sec 

10.6 hr 

60.5 min 


3 X 107 sec 


3.1 min 


1923, who even went so far as to put 
forward a decay scheme for the series. 
A somewhat different scheme was 
predicted in 1940 by the physicist 
L. A. Turner, in the United States, 
and this has proved to be remarkably 
accurate. 

5.63. Although it is extremely im- 
probable, for reasons which will soon 
be apparent, that the 4n + 1 series of 
radioactive elements will be found in 
nature, the missing series has actually 
been obtainéd artificially in the labo- 
ratory. The production of these ele- 
ments and the elucidation of the 
radioactive decay scheme represents 

ive mem! 
Chapter 16). ae others were studi independent 
L ie Katzin, M. H. Studie: Bs Ghiorso 
E. Cranshaw, P. Demers, J. A. Harvey, E. io ine 


* The first fi bers of the ne| 


one of the more noteworthy achieve- 
ments of the wartime atomic energy 
project.* The methods used for making 
the elements which do not occur natu- 
rally will be described in Chapter 16, 
and for the present it will be sufficient 
to tabulate the results. Since nep- 
tunium is the member having the 
longest life, the name neptunium series 
has been proposed for this series of 
elements whose mass numbers are 
represented by the formula 4n + 1. 
5.64. Like the naturally occurring 
radioactive series, the neptunium series 
exhibits branched disintegration near 
the end, but it differs in the respect 


qure bee t Berkeley, Calif. 

the United States by F. ees 
and in Canada b; nglish, 
. V. Jelley and A. 
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$ 
Radioelement EUM Symbol | Radiation Half-Life 
Actinouranium Uranium 280 a 7.13 X 10° yr 
Uranium Y Thorium Th B 25.6 hr. 
Protactinium Protactinium "Pa a 3.43 X 104 yr 
Actinium Actinium AG B and « 21.8 yr 
98.8% | 12% 
Radioactinium Thorium Th a 18.4 days 

Actinium K Francium mFr B 21 min 
editis x Radium "Ra a 11.7 days 
Ac Emanation Radon "Rn a 3.92 sec 
Actinium A Polonium npo a and 6 1.83 X 10^? sec 
~100% | ~5 X 107105 
AERIAL B | Lead app B 36.1 min 

Astatine-215 Astatine DA a ~10~ sec 
Actinium C Bismuth Bi a and 8 2.16 min 
99.7% | 0.3% 

Actinium C' Polonium apo a 0.52 sec 
Actinium O” Thallium TD 8 4,8 min 
onam D Lead Spp Stable — 

(End Product) 


that it contains no gaseous emanation.* 
Furthermore, the stable end product 
of the neptunium series is ordinary 
bismuth of mass number 209, whereas 
in the thorium, uranium, and actinium 
series the nonradioactive end products 
are all forms of the element lead. 

5.65. The half-life of neptunium 
(Np), the longest lived member of the 
4n + 1 series, is seen to be 2.20 X 10° 


years. Assuming, as is very probable, 
that this element existed when the 
earth was first formed, about 4.6 X 10° 
years ago, then the proportion now 
remaining can be calculated by means 
of equation (5.4), using equation (5.9) 
to relate the decay constant A to the 
known half-life. In this manner it is 
found that unless "Np has a long- 
lived, but hitherto unknown, precursor, 


* A collateral branch of the neptunium series does contain an emanation (*"Rn) as a mem- 


ber (§ 16.95). 


— 
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Element Symbol Half-Life 
Plutonium Py 13.2 yr 
Americium “Am 462 yr 
Neptunium "Np 2.20 X 10* yr 
Protactinium "Pa 27.4 days 
Uranium sy 1.62 X 105 yr 
honam Th 7.84 X 10° yr 
Radium Ra 14.8 days 
Actinium Ac 10.0 days 
EPIS sFr 4.8 min 
Een HAE 1.8 X 107* sec 
Biss "pi 47 min 
98% | 2% 

idi "Po 4.2 X 10^* sec 

Thallium 2T] 2.2 min 
Lead wPh 3.32 hr 
Bai "pi nes 


(End Product) 


the amounts still present in nature | of the neptunium (4n + 1) series do 
must be so infinitesimally small as to | not occur naturally. Even if they did 
be beyond the possibility of detection.* | exist at one time, as they may well 
The existence of a precursor of higher | have done, all the members of this 
mass number and much longer life is | series have long since decayed virtually 
highly improbable, and hence it can be | to completion, the final product being 
readily understood why the elements | the nonradioactive element bismuth. 
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Chapter 6 


THE DISCOVERY OF ISOTOPES 


RADIOELEMENTS AND THE 
Prriopic SYSTEM 


6.1. By the year 1912, more than 
30 different radioactive species were 
known (§ 5.10), but their chemical 
properties indicated that they should 
occupy no more than 12 positions in 
the periodic table of the elements 
(§ 1.44), with atomic numbers of 81 
through 92. The obvious question then 
was: How can these elements be fitted 
into the limited number of available 
places? It was apparent that, if the 
periodic classification was not to break 
down completely in the high atomic 
weight region, several radioactive spe- 
cies would have to occupy one posi- 
tion, at least in certain cases. Some 
evidence for this possibility had been 
obtained by a number of investigators, 
including H. N. McCoy and B. B. 
Boltwood in the United States (8 5.44), 
W. Marekwald in Germany, and F. 
Soddy (8 5.10) in the United Kingdom. 
It had been found that certain groups 
of “elements,” having quite digtinct ra- 
dioactive properties, could not be sep- 
arated by any chemical means avail- 


able.* In spite of the difference in the 
nature of the disintegrations, the spe- 
cies within each of the groups :ap- 
peared to be identical chemically. Re- 
viewing the situation at the end of 
1910, Soddy said: “The evidence of 
chemical identity is not of equal weight 
for all the . . . cases, but the com- 
plete identity of ionium, thorium and 
radiothorium, of radium and mesotho- 
rium-1, and of lead and radium D may 
be considered thoroughly well estab- 
lished." In the same review, attention 
was called to the identity of the three 
gaseous emanations which have prop- 
erties analogous to those of the noble 
(Group 0) gases of the atmosphere. 
6.2. The chemistry of radium, being 
very similar to that of barium, pre- 
sumably placed it in the alkaline-earth 
family, i.e., in Group II of the periodic 
table (§ 1.46), whereas the properties 
of thorium appeared to make it fit 
best into Group IV.t The emanations 
undoubtedly belong to Group 0, and 
so it is possible to draw up the accom- 
panying scheme for two of the alpha- 
emitting stages of the uranium and 


* H. N. McCoy and W. H. Ross, at the University of Chicago, were sppatently. the first, 


in 1907, to show that two different radioelements might be identical chemically. 
nearly 200 precipitations, using oxalic acid, chromate, thiosulfate, h 


n spite ol 
drogen peroxide, or 


ammonia, they were unable to cause any detectable separation of radiothorium from thorium. 
į It is probable that. thorium is a member of the actinide series of elements (88 1.49, 16.80) 


and, consequently, not act: 


in Group IV; however, its most stable compounds have a 


valence of four, which is characteristic of Group IV, and this is really the point of the argument. 
157 
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thorium series (§ 5.58), based on the 
identity of chemical properties men- 
tioned above. 


Group 
Iv Il 0 
Thorium 5 Mesothorium 5 Emanation 
Ionium > Radium S, Emanation 


6.3. This striking regularity led 
Soddy to suggest, in 1911, that “the 
expulsion of the alpha particle causes 
the radioelement to change its position 
in the periodic table . . . into the next: 
but one [group] in the direction of 
diminishing group number." This was 
the first step in the development of an 
important generalization which could 
not be completed at the time, because 
of a lack of knowledge concerning the 
chemical properties of the elements in- 
volved in beta disintegrations. At 
Soddy's suggestion, therefore, A. Fleck 
undertook a systematic investigation 
of a number of radioelements for the 
purpose of supplying additional infor- 
mation. In the course of this work, 
part of which was published in 1912 
and the remainder in 1913, he found 
that radium B, radium D, thorium B, 
and aetinium B were chemically iden- 
tical with and entirely inseparable from 
lead (Group IV). The products re- 
sulting from beta-particle emission, 
namely, radium C, radium E, thorium 
C, and actinium C, respectively, were 
completely identical with bismuth 
(Group V). It seemed, therefore, that 
the loss of a beta particle was accom- 
panied by a change to the next higher 
group of the periodic table. 

6.4. In the early days of 1913 in- 
terest in this subject ran high and 
there was keen competition among 
scientists to be the first to provide a 


* Russell was evidently of the opinion that the c| 
panying alpha emission and of one place assoni 


tion either of increasin 
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iated with beta emission might be 
or of decreasimg group number. Actually, the former change always 
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satisfactory correlation between radio- 
active transformations and the asso- 
ciated changes in the periodic table. 
The events of the time may well be de- 
scribed in the words employed by 
Soddy in his contribution to the dis- 
cussion on Radioelements and the 
Periodic Law held at the meeting of 
the Chemistry Section of the British 
Association, in Birmingham, England, 
in September 1913. “[On January 31, 
1913] A. S. Russell who knew of 
Fleck's results, put forward the view 
that in the beta-ray change the posi- 
tion of the element in the periodic 
table changes by one place, and he 
was the first to publish a complete 
Scheme showing the passage of the 
radioelements through the periodic 
table. His scheme was in certain re- 
spects imperfect,* and it was followed 
almost immediately [February 15, 
1913] by another by K. Fajans, who 
put forward the complete law in its 
present form, and made important 
and accurate deductions. . . . Soddy 
independently [February 28, 1913] 
arrived at a complete scheme similar 
to that of Fajans, but which in one 
respect possibly went somewhat fur- 
ther in regard to the generalization 
that all elements falling into the same 
place in the periodic table... are 
chemically identical, [and] nonsepa- 
rable by chemical methods." 


Tue Group DISPLACEMENT 
Law: ISOTOPES 


6.5. The scheme referred to by 
Soddy if the foregoing quotation is . 
called the group displacement law, and 
it may be stated in the following form: 
When an alpha particle is emitted in a 
radioactive change the product occu- 


hange of two places in the table accom- 
in the direc- 


leads to a decrease, and the latter to an increase. 


ATOMIC WEIGHT (MASS NUMBER) 


ATOMIC WEIGHT (MASS NUMBER) 


ATOMIC WEIGHT (MASS NUMBER) 


Fig. 6.1. 
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it (mass number) SHARES in the natural 
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pies a position two places to the left of 
its parent in the periodic table, whereas 
the emission of a beta particle results 
in a shift of one place to the right. 
Since the atomic number of an element 
is its ordinal position in the periodic 
system (§ 1.44), the displacement. law 
implies that an alpha-particle change 
is accompanied by a decrease of two 
units, and a beta-particle emission by 
an increase of one unit, in the atomic 
number. On the basis of this general- 
ization, and recalling that the loss of 
an alpha particle means a decrease of 
four units of atomic weight, whereas 
the ejection of a beta particle leaves 
the mass virtually unchanged, it is 
possible to represent the changes of 
atomic number and atomic weight co- 
curring in the three natural disintegra- 
tion series in the manner shown in 
Fig. 6.1. The atomic weights are given 
to the nearest integer, and so they are 
really the mass numbers defined in 
§ 4.36. An alpha-ray change is rep- 
resented by an arrow sloping down- 
ward and to the left, and a beta-ray 
transition by a horizontal arrow point- 
ing to the right. The symbols of the 
common names of the elements with 
atomic numbers from 81 through 92 
are indicated in each case. The “cor- 
responding element,” recorded in the 
second column of the tabulations of 
the radioactive series in § 5.58, is thus 
the more common name for the ele- 
ment with the same atomic number as 
the particular radioelement. 

6.6. Since all the elements in any 
one vertical line of Fig. 6.1 have the 
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same atomic number, it follows that 
they must occupy the same place in 
the periodic table, For example, there 
are seven elements, all with differ- 
ent radioactive properties, having the 
atomic number 84, so that they all fit 
into the position associated with the 
‘element polonium. In this manner all 
the known radioelements can be ac- 
commodated in the limited number of 
places available in the periodic table. 

6.7. For elements oceupying the 
same position in the periodie system, 
Soddy, in 1913, proposed the name 
isotopes;* thus radium A, radium C’, 
radium F, actinium A, actinium C’, 
thorium A, and thorium C/, in the 84th 
ordinal position, i.e., atomic number 
84, are isotopes. They are said to be 
isotopic with one another and also with 
the element polonium from which they 
are inseparable by chemical means. 
Isotopic elements are, therefore, chem- 
ically indistinguishable, although their 
radioactive properties and atomic 
weights (mass numbers), are different. 

6.8. As a consequence of this fact, 
the chemistry of short-lived elements, 
such as thorium C’ with a half-life of 
less than a millionth of a second, is 
well known, because they are isotopic 
with. common elements. In 1908, be- 
fore the development of the concept of 
isotopes, the English scientist A. 
Smithells had referred to radiochem- 
istry as “the chemistry of phantoms.” 
Little did he realize that, within a few 
years, the properties of such phantoms 
would be as familiar, in many cases, 
as those of lead, bismuth, and thallium. 


ISOTOPES AND ATOMIC STRUCTURE 


Tue NUCLEUS AND THE GROUP 
DISPLACEMENT Law 
6.9. The emission from the atomic 
nucleus of an alpha particle, carrying 
* From the Greek, iso (same), topos (place). 


two positive charges, is accompanied 
by a decrease of two units in the atomic 
number, whereas the emission of a 
beta particle, with a single negative 
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charge, increases the atomic number 
by one unit. Consequently, it appeared 
to Soddy that there might be a rela- 
tionship between the atomic number 
and the positive nuclear charge. But 
before he was able to make an explicit 
statement on the subject, van den 
Broek put forward the idea—for which 
the work of Moseley on characteristic 
X-rays provided support—that the 
charge on the nucleus is equal to the 
atomic number (§ 4.23). Subsequently, 
Soddy expressed the opinion that the 
proof of the chemical identity of iso- 
topes provided simpler and more con- 
vineing evidence than did that of 
Moseley for the contention that suc- 
cessive places in the periodic system 
represented unit differences of nuclear 
charge. Be that as it may, there is no 
doubt that the group displacement law 
is in complete harmony with the ac- 
cepted view that for any element the 
nuclear charge is equal to the ordinal 
number of the element in the periodic 
system. 

6.10. A consideration of the changes 
occurring in the atomic nucleus upon 
the emission of alpha and beta parti- 
cles is of interest in this connection. 
According to present-day views, an 
atomic nucleus consists of A — Z neu- 
trons (zero charge), and Z protons 
(unit positive charge), where A is the 
mass number of the element, and Z is 
equal to the nuclear charge and hence 
to the atomic number. The mass num- 
ber is then equal to the total number 
of nucleons, i.e:, to the total number 
of neutrons and protons (§ 4.36). An 
alpha particle, which is a helium nu- 
cleus, is made up of two neutrons and 
two protons, so that if A and Z refer 
to a radioactive parent, the correspond- 
ing numbers of neutrons and protons 
in the daughter element, after the 
emission of an alpha particle, will be 
4 — Z — 2 and Z — 2, respectively. 
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The mass number will thus be 
(A —Z—2)+ (Z — 2), ie, A—4, 
and the nuclear charge, or atomic num- 
ber, will be Z — 2. Thus, in accord- 
ance with the group displacement law, 
the loss of an alpha particle means a 
decrease of two units in the atomic 
number. 

6.11. The expulsion of a beta par- 
ticle involves first the conversion of a 
neutron into a proton and an electron, 
together with a neutrino (§ 8.51); the 
electron is then ejected, whereas the 
proton remains in the nucleus. In other 
words, as a result of a beta-ray change, 
a neutron has been replaeed by a pro- 
ton; there is thus the loss of one neu- 
tron and the gain of one proton to the 
nucleus. Considering the general case, 
once more, of a nucleus containing 
A — Z neutrons and Z protons, the 
daughter nucleus after the emission of 
a beta particle will consist of A — 
Z — 1 neutrons and Z + 1 protons. 
The mass number will consequently 
remain essentially unchanged at (A — 
Z — 1) + (Z + 1), that is, A, but the 
atomic number will be Z + 1. As re- 
quired by the group displacement law, 
the atomie number is increased by 
unity. 


IsoroPES AND NUCLEAR 
STRUCTURE 


6.12. It is evident from the preced- 
ing arguments or, in fact, from any 
form of the displacement law, that in 
any suecession of one alpha-particle 
and two beta-particle emissions, irre- 
spective of the order, the resulting 
element; must have the same atomic 
number as, and hence be isotopic with, 
the initial parent. An illustration of 
this is provided by the three disinte- 
gration stages—alpha, beta, beta—at 


the beginning of the uranium series; 


the fourth element, uranium II, is iso- 
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(Fig. 6.1). Since the expulsion of an 
alpha particle means the loss of two 
neutrons and two protons from the 
nucleus, whereas the emission of each 
beta particle results in the loss of a 
neutron but the gain of a proton, the 
changes in the nucleus accompanying 
one alpha- and two beta-particle 
processes are then as follows: 


Neutrons Protons 
Emission of alpha 
particle =2 —2 
Emission of two beta 
particles -2 +2 


6.13. The net effect of the three 
radioactive (alpha, beta, beta) changes 
is, therefore, the loss of four neutrons 
from the nucleus, but the number of 
protons, that is, the nuclear charge, 
is the same as for the original element. 
The: difference between isotopes is, 
consequently, that their nuclei contain 
different numbers of neutrons, but the 
same number of protons. The result is 
that isotopic elements have the same 
nuclear charge, and hence the same 
atomie number, but different mass 
numbers, for the number of protons 
determines the former and the total 
number of nucleons (neutrons and pro- 
tons) governs the latter. 

6.14, In the type of isotopy con- 
sidered above, the mass numbers dif- 
fer by four units, but this is merely a 
consequence of the special case chosen 
to derive the general result. It can be 
seen from Fig. 6.1 that the elements of 
atomic number 84, which are isotopic 
with polonium, have mass numbers of 
218, 216, 215, 214, 212, 211, and 210. 
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The nuclei all contain 84 protons, but 
the numbers of neutrons are 134, 132, 
131, 130, 128, 127, and 126, réspec- 
tively. Other instances of the same 
general behavior will be given later. 

6.15. Before the year 1913, which 
was notable for so many remarkable 
advances in atomic science, it was gen- 
erally considered, especially in view of 
the success of the periodic system, that 
the chemical properties of the elements 
were determined by their atomic 
weights. The discovery of isotopes, 
having identical chemical properties 
but different atomic weights (mass 
numbers), and the correlation of the 
atomic number with the nuclear charge, 
established the fact that chemical prop- 
erties are dependent on the atomic 
number and not on the atomic weight. 
The atomic number is fundamental, 
but the atomic weight is, in a sense, 
incidental. As the present chapter un- 
folds, the full significance of this state- 
ment will become increasingly evident. 
Attention may be called, in this con- 
nection, to the existence of several ra- 
dioelements with the same atomic 
weight (mass number). Such species 
were called isobares* by the British 
chemist A. W. Stewart in 1918, but 
the name isobars is now generally em- 
ployed. Thus, radium B, radium C, 
and radium C’ are isobaric, the mass 
number of each being 214, but their 
chemical properties are quite different, 
since they have different atomic num- 
bers.f 

6.16. It appears that the chemical 
properties of an element are deter- 
mined to a great extent by the number 
and arrangement of the extranuclear 


* From the Greek, iso (same), baros (weight). The term “Ssobares,” rather than the more 


obvious "isobars," was originally suggested. 
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(or orbital) electrons (§ 4.68). Since 
isotopic species have the same nu- 
clear charge, they will have the same 
number of orbital electrons, undoubt- 
edly arranged in the same manner. 
This is probably why isotopes are iden- 
tical chemically.* Similarly, any prop- 
erties which depend essentially on the 
extranuclear electrons, such as optical 
and X-ray spectra (§§ 4.42, 4.71), will 
be virtually the same for all the isotopic 
forms. There are very slight changes 
in the spacings of the lines, which are 
significant in certain instances, but 
these are due to small differences in the 
masses of the isotopic nuclei; the main 
structure of the spectrum is, however, 
the same for the different isotopes of a 
given element. 

6.17. Radioactive properties, on the 


STABLE 


EnD PRODUCTS OF 
RADIOACTIVE SERIES 


6.18. In 1905, Boltwood had called 
attention to the presence of lead in 
uranium minerals, and he thought that 
this metal might be an end product of 
the uranium series. In the same year, 
Soddy pointed out that, since the final 
produet of radioactive disintegration is 
not undergoing change, it might be 
difficult to determine its identity, for 
it would probably prove to be one of 
the familiar stable elements. He sug- 
gested, on the basis of atomic weight 
considerations, that it might be either 
lead or bismuth. As the result of a 
study of the ratio of lead to uranium 
in a large number of minerals, Bolt- 
wood, in 1907, concluded that ‘‘on the 


other hand, are definitely associated 
with the nucleus; they are determined 
by the individual numbers of both 
protons and neutrons, and not merely 
by one or the other, or by their sum. 
It is obvious that isotopes, which have 
equal numbers of protons, exhibit dif- 
ferent radioactive properties, and the 
same is true for elements, such as 
radium and actinium, for example, 
having equal numbers of neutrons. 
Further, the nuclei of isobaric elements 
contain the same total number of nu- 
cleons, i.e., neutrons and protons, but 
they manifest different radioactive be- 
havior. It is evident, therefore, that 
radioactivity is governed by the partic- 
ular combination of neutrons and pro- 
tons in the given nucleus. 
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basis of this evidence the assumption 
would appear to be justified that lead 
is the final product of uranium.” ; 

6.19. In the following years this 
view was generally adopted, and the 
realization, in 1913, that radium G, the 
end produet of the uranium series, was 
actually isotopic, and hence chemically 
identieal, with lead supplied the def- 
inite proof that had hitherto been lack- 
ing. At the same timé, it was seen 
(Fig. 6.1) that actinium D and tho- 
rium D, the nonradioactive end prod- 
ucts of the actinium and thorium series, 
respectively, also had atomic numbers 
of 82, and hence were isotopes of lead. 
This element is consequently the end 
product of the three natural radio- 
active series, and its universal asso- 


_ *It will be seen later ($6.74) that there are some minor differences in the chemical reac- 
tivity of isotopes which have important consequences. These differences are not due to dif- 
ferences in the nature of the chemical reactions, but rather to their rates. The former depends 


by n (for neutron). 
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ciation with uranium and thorium min- 
erals can be readily understood. It is 
of interest to recall here that the end 
product of the 4n +1 neptunium 
Series, which no longer exists in nature, 
is not lead, but bismuth ($ 5.64). 
6.20. In the course of a consider- 
ation of the implications of the group 
displacement law, Soddy realized that, 
although the end products of the ura- 
nium and thorium series were both iso- 
topic with lead, the atomic weights, as 
seen from Fig. 6.1, should be close to 
206 and 208, respectively, as compared 
with 207.2 for ordinary lead. This 
astonishing conclusion was entirely 
revolutionary in character, since ele- 
ments had previously been regarded 
as having definite atomic weights, But 
it seemed inevitable if the group dis- 
placement law and the concept of iso- 
topes had any real basis of fact. Exper- 
imental proof that lead originating 
from uranium has a different atomic 
weight from that derived from thorium, 
whereas both differ from that of lead 
obtained from nonradioactive sources, 
would thus provide convincing ey- 
idence for the theory of radioactive 
decay and the existence of isotopes. 
6.21. The mineral thorite, from 
Ceylon, consists mainly of thorium 
with relatively little (1 to 2 percent) 
uranium, and about 0.4 percent of 
lead; hence, it seemed likely that the 
latter was produced entirely by radio- 
active decay of the thorium, Conse- 
quently, Soddy, in conjunction with 
H. Hyman, set out to extract and pu- 
rify the lead from thorite, and then to 
determine its atomic weight. They ob- 
tained 1.2 grams of purified lead chlo- 
ride, and determined the atomic weight 
by making comparison measurements 
with lead chloride from a nonradio- 
active source. In May 1914 it was 
reported that, in agreement with ex- 
peetation, the atomic weight of the 
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thorium lead was about one unit higher 
than that of ordinary lead. . 

6.22. Because of the difficulties as- 
sociated with the accurate determina- 
tion of atomie weights, especially when 
working with small amounts of mate- 
rial, M. E. Lembert came from Ger- 
many, at the suggestion of K. Fajans, 
to study the atomic weights of lead 
from various sources in the Harvard 
University laboratory of T. W. Rich- 
ards, who was recognized as the leading 
authority in this field of investigation. 
In 1914, Richards and Lembert made 
direct determinations of the atomic 
weight of lead extracted from several 
uranium minerals, and in every case 
they found the values to be definitely 
lower than that of ordinary lead. The 
lowest result obtained was 206.40 for 
lead from uraninite, found in North 
Carolina; even though the figure was 
not down to 206, the theoretical value, 
probably because the lead was of mixed 
origin, the low value was nevertheless 
significant. The same conclusion, that 
the atomic weight of lead from ura- 
nium minerals was less than that of 
ordinary lead, was also reached in- 
dependently by Maurice Curie in 
France, and by O. Hónigschmid and 
S. Horovitz in Austria during the year 
1914, so that the accuracy of the result 
could not be in serious doubt. 

6.23. In reporting, in the early part 
of 1915, on the work dealing with the 
atomic weight of lead from radioactive 
Sources, Soddy wrote: “Bearing in 
mind that two of the four researches 
: » have been carried out by chemists 
[Richards and Hünigschmid] experi- 
enced in atomie weight determinations, 
and that much of the mineral examined 
was no doubt of very mixed compo- 
sition, so that not all the lead present 
Can be reasonably assumed to have 
been of radioactive origin, it is clear 
that the theoretical predietions have 
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received remarkable confirmation . . . 
That an investigator as experienced in 
atomic-weight work as Professor T. W. 
Richards should regard his results as 
definitely establishing a variation in 
the chemical equivalent of lead from 
different sources . . . is perhaps the 
chief result gained." Soddy indicated 
that the data available at that time 
were still of a somewhat preliminary 
nature, and he said that “further re- 
sults with carefully selected minerals 
must be awaited.” 

6.24. Subsequent measurements, 
made with the greatest care, have 
amply confirmed the earlier results. 
Some of the more interesting values 
are tabulated here; they may be com- 
pared with the atomic weight of 207.2 
for lead from nonradioactive sources. 
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activity and the problem of the ac- 
commodation of the known radioele- 
ments in the limited number of places 
available in the periodic system. The 
existence of radioactive isotopes with 
different atomic weights (or mass num- 
bers), occupying the same position in 
the periodic table and having identical 
chemical properties, may perhaps not 
be considered surprising, but the re- 
markable fact is that an ordinary, non- 
radioactive element like lead can also 
exist in isotopic forms. Thus, although 
the various specimens of nonradioac- 
tive lead separated from uranium and 
thorium minerals have atomic weights 
differing by nearly two units, they are 
completely identical and indistinguish- 
able in their chemical properties. The 
discovery of the existence of stable iso- 


Arowrc WEIGHT OF LEAD FROM RADIOACTIVE MINERALS 


URANIUM MINERALS Source 
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The striking agreement with theoret- 
ical expectation, which predicted the 
atomic weights of lead from uranium 
and thorium to be close to 206 and 
208, respectively, provides the strong- 
est possible support not only for the 
group displacement law, but also for 
the whole theory of radioactive dis- 
integration. It required the latter to 
predict the atomic weights of the end 
products, and it was a combination of 
both which indicated that they should 
be chemically indistinguishable from 
lead. 

6.25. The results just described have 
an important significance apart from 
their bearing on the theories of radio- 


Atomic Weight Investigator 
206.08 T. W. Richards 
206.01 T. W. Richards 
206.05 O. Hónigschmid 
206.01 G. P. Baxter 
207.8 O. Hónigschmid 
207.9 O. Hónigschmid 


topes of lead indicated the possibility 
that other nonradioactive elements 
might occur in isotopie forms, and in 
this connection concurrent develop- 
ments in an apparently unrelated field 
were destined to play an important 
part. 


PosrrivE-RAY ANALYSIS 


6.26. As stated in § 2.62, the rays of 
positively charged particles formed by 
the passage of an electrical discharge 
through an evacuated tube had Been 
shown by W. Wien to consist of atomic 
or molecular ions of the gas present in 
the tube. The nature of these ions can 
be investigated by studying the deflec- 
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tion of the positive rays in electric and 
magnetic fields, making use of a prin- 
ciple first employed by W. Kaufmann 
in 1901 for beta particles (electrons), 
and in the following year by Wien for 
positive rays. 

6.27. A narrow beam of positively 
charged particles, such as constitute 
the positive rays, will normally travel 
in a straight line, but if subjected to an 
electric or magnetic field the beam will 
be deviated from its original direction. 
Imagine a single positively charged 
particle moving downward perpendic- 
ular to the plane of the paper, striking 
it at the point O in Fig. 6.2. Suppose a 
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Fia. 6.2, Principle of positive-ray 
analysis. 


uniform electric field of strength E is 
applied, so that the particle is deflected 
to the right and strikes the paper at X; 
the distance z from O to X is then 
given by 
s= k E 2 (6.1) 
where fy is a constant depending on the 
dimensions of the apparatus, e is the 
charge on the particle, which must be 
a multiple of the electronic charge, and 
m. and v are the mass and velocity, 
respectively, of the positive particle. 
6.28. Suppose, however, that in- 
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stead of the electric field, a magnetic 
field B is used to deflect the particle in 
a direction perpendicular to OX, so 
that it strikes the plane of the paper at 
Y; the displacement y from O to Y is 
now expressed by 
Be 
y = ks s (6.2) 
where k: is also dependent on the 
dimensions of the apparatus. By ap- 
plying the electric and magnetic fields 
simultaneously, the particle is de- 
flected to P, the coordinates of which 
are determined by z and y, as given by 
equations (6.1) and (6.2). If v is elim- 
inated from them, it follows that 


(6.3) 


where k is another constant related to 
kı and ky. 

6.29. If, instead of one positive par- 
ticle, à beam of positive rays is con- 
sidered, in which all the particles have 
the same ratio of mass m to charge e, 
i.e., m/eis constant, but not necessarily 
the same velocity, it follows from 
equation (6.3) that 


x = constant X y?, (6.4) 


provided the strengths of the electric 
and magnetic fields, £ and B, remain 
constant. The positively-charged par- 
ticles, of constant m/e, which are de- 
flected by. these fields will thus fall on 
a Series of points, of which P is one, 
whose coordinates satisfy equation 
(6.4). This expression is the mathemat- 
ical representation of a parabola, and 
so it follows that. the points, when 
joined together will form a parabolic 
curve, such as AA in Fig. 6.2.* 

6.30. An examination of equations 
(6.1) and (6.2) shows that, for a given 


* It should be noted that the curve is not a complete parabola, but i 
It would, Bere d mathematically as A ein vue TACS RA 
used here. 1 


“parabolic curve” will 
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particle, the displacements x and y 
depend on the velocity of the particle, 
the greater the velocity the smaller the 
displacement, and vice versa. The 
series of points making up the para- 
bolic curve consequently represent pos- 
itive particles with different velocities, 
but having the same value of the mass- 
to-charge ratio, m/e. The fast moving 
particles are deflected only to à small 
extent, whereas the slower particles are 
deflected considerably more. The con- 
tinuity of the curve AA would imply 
that particles having all possible veloc- 
ities, between certain limits, are present 
in the positive rays. 

6.31.. A beam of particles for which 
m/e has a value that is constant, but 
different from the one considered 
above, will be deflected by electric and 
magnetic fields so that the particles 
fall on another parabolic curve BB. 
From equation (6.3) it can be seen 
that the smaller the quantity m/e, the 
larger will be the displacement y for a 
given value of x. The point Q, for 
example, corresponds to a particle 
whose mass-to-charge ratio, m/e, is 
smaller than that for the particle fall- 
ing on the point P. In Fig. 6.2, .there- 
fore, the parabolic curve BB would be 
formed by the deflection of a stream of 
particles of varying velocity, but hav- 
ing a constant value of m/e which is 
smaller than that for the curve AA. 
If the ordinates of the points P and Q, 
for a constant value of the displace- 
ment x, are ya and y, respectively, it 
follows from equation (6.3) that 


(uy _ (m/e)a, 
Vs. (m/e)a 
where the quantities (m/e), and 
(m/e)s refer to the two sets of par- 
ticles falling on the curves A4 and BB, 
respectively. If the charges carried by 
the particles are assumed to be equal, 
it is seen from equation (6.5) that 


(6.5) 
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Ya g "ms 
3) ma 6.8) 
It should thus be possible to compare 
the masses ma and ms of particles 
present in positive rays by observing 
their deflections, y4 and yg, for con- 
stant z, when subjected to the simul- 
taneous action of electric and magnetic 
fields. 

6.32. If a beam of positive rays con- 
tains particles of different masses then 
they will be sorted out in such a man- 
ner that all particles with the same 
mass or, more correctly, all haying the 
same m/e value, will fall on one para- 
bolic curve. A method of positive-ray 
analysis is thus available for detecting 
the presence of, and even for identify- 
ing, atomic and molecular particles 
whose masses differ from each other. 


Positive Rays AND ISOTOPES 


6.33. In the course of his extended 
studies of positive rays, J. J. Thomson 
(§ 2.21) made, in 1912, an interesting 
observation which has a bearing on the 
existence of isotopes of stable elements. 
An electrig discharge was passed 
through a vessel containing the exper- 
imental gas at suitable low pressure. 
A narrow stream of positive rays was 
obtained in a manner similar to that 
described in § 2.61, using a pierced 
aluminum cathode connected to a fine- 
bore brass tube. After passing through 
electric and magnetic fields arranged 
so as to give deflections at right angles 
to each other, as in Fig. 6.2, the pos- 
itive rays were allowed to fall on a 
photographic plate. Upon develop- 
ment, the latter showed a series of 
parabolic streaks, each corresponding 
to a definite value of the mass-to- 
charge ratio (m/e) of atomic and mo- 
lecular particles present in the positive 
rays, in accordance with the discus- 


sion in the preceding section. ; 
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6.34. An illustration of the type of 
result observed is shown in Fig. 6.3. 
There are here three sets of positive- 
ray parabolas; one corresponds to Fig. 


[*] 
Ne(22) 
Ne(20) 


Fig. 6.3. J. J. Thomson’s positive- ray 
pérabolas. (From F., W, Aston, Mass Spec- 
tra and Isotopes, Edward Arnold and Co.) 


6.2, and the others are obtained by 
reversing, in turn, the direction of 
either the magnetic or the electric 
field. These three groups of curves are 
essentially reflections of one another in 
the z and y axes; hence, the positions 
of these axes can be found and the 
ordinates of points on the curves deter- 
mined. Utilizing the curve produced 
by a substance of known mass, such as 
oxygen, as standard, the masses of 
other atoms and molecules can then be 
calculated by means of equation (6.6). 

6.35. The positive-ray photographs 
obtained by Thomson exhibited a num- 
ber of interesting features, but the 
aspects to be considered here will be 
restricted to those having a bearing on 
the subject of isotopes. It was noted 
that when the discharge tube con- 
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tained neon gas, atomic weight 20.2, 
the photographs always showed, in 
addition to the expected neon line, the 
presence of a line indicating a particle 
of mass 22, on the atomic weight scale. 
In speaking of this matter in 1913, 
"Thomson said: “. . . in addition [to 
the strong neon line] there is a line 
corresponding to an atomic weight of 
22, which cannot be identified with the 
line due to any known gas. I thought 
at first that this line, since its atomic 
weight is one half that of CO,, must 
be due to carbonic acid [molecular 
weight 44] with a double charge of 
electricity [so that m/e would be 22], 
and on some of the plates a faint line 
at 44 could be detected. On passing the 
gas slowly through tubes immersed in 
liquid air [which would remove the 
CO;] the line at 44 completely dis- 
appeared, while the brightness of the 
one at 22 was not affected. The origin 
of this line presents many points of 
interest; there are no known gaseous 
compounds of any of the recognized 
elements which have this molecular 
weight. . . . The fact that this line is 
bright in the sample when the neon 
line is extraordinarily bright, and in- 
visible . . . when the neon [line] is 
comparatively feeble, suggests that it 
may possibly be a compound of neon 
and hydrogen, NeH;, though no direct 
evidence of the combination of these 
inert, gases has hitherto been found.” 

6.36. Although J. J. Thomson was 
not at all sure of the identity of the 
gas giving the mass 22 line in the 
positive-ray photographs, he felt that 
there could “be little doubt that what 
has been called neon is not a single 
gas, but a mixture of two gases, one of 
which has an atomic weight of about 
20 and the other about 22. The parab- 
ola due to the heavier gas forms only 
a small percentage of the mixture." In 
order io throw some light on the situa- 
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tion, the English scientist F. W. Aston, 
who was then Thomson’s assistant, set 
out to separate the constituents of 
neon gas. The first attempt, based on 
the fractional distillation of neon ad- 
sorbed on charcoal cooled in liquid air, 
failed to give any detectable separa- 
tion, and so the possibility of separa- 
tion by diffusion was tried. 

6.37. It is well known that a light 
gas will diffuse through a porous parti- 
tion more rapidly than will a heavier 
gas; consequently, Aston passed neon 
gas through a pipe-clay tube, collected 
that portion of the gas which diffused 
through, and allowed this to diffuse 
once more, and so on. This procedure 
proved to be more successful, and at 
the historic meeting of the British 
Association in 1913, to which reference 
was made in § 6.4, Aston announced 


that, after repeated diffusion and re- . 


diffusion, he had obtained, from 100 ce 
of ordinary neon gas, two extreme 
fractions of 2 to 3 cc, with atomie 
weights, calculated from their den- 
sities, of 20.15 and 20.28, respectively. 

6.38. The difference in these atomic 
weights is small, but it is nevertheless 
significant. The fact that the former 
value is less, whereas the latter is 
greater, than the atomic weight of 


ordinary neon showed that a partial 
separation of the two constituents of 
neon had been achieved. In his book 
on Rays of Positive Electricity, pub- 
lished in 1913, Thomson wrote refer- 
ring to Aston’s results: “He obtained 
sufficient alteration in the proportion 
between the two gases to produce ap- 
preciable changes in the relative bright- 
ness of the two lines [for the masses 20 
and 22] in the positive-ray photograph, 
and changes in the density large enough 
to be detected, . . . No differences, 
however, could be observed in the spec- 
trum of the mixture, and this... 
gives some grounds for the suspicion 
that the two gases, although of differ- 
ent atomic weights, may be indistin- 
guishable in their chemical and. spec- 
troscopic properties.” 

6.39. In other words, it seemed pos- 
sible that neon might exist in two iso- 
topic forms with masses of 20 and 22, 
respectively; this interpretation of the 
results was later confirmed. It may be 
mentioned, however, that for several 
years Thomson was himself reluctant 
to accept this view, for he felt that the 
possible presence of a hydrogen com- 
pound, such as NeHs, could not be 
ignored. 


THE OCCURRENCE OF ISOTOPES 


Tur WHoLE Numper RULE 


6.40. In the period from 1914 to 
1918 the exigencies of the war in Eu- 
rope interfered with the continuation 
of Aston's work on neon, but upon its 
resumption. his initial efforts were de- 
voted to an attempt at improving the 
degree of separation of the two forms 
oi the element by diffusion. The results 
were not too promising, and Aston 
came to the conclusion that the best 
approach to the problem would be, as 


he himself stated, to make positive-ray 
studies “with such accuracy that it 
could be demonstrated with certainty 
that neither of the two atomic weights 
so determined agree with the accepted 
. . . figure.” Consequently, with the 
object of improving the accuracy of 
the measurements, Aston redesigned 
the positive-ray deflection apparatus. 
In the instrument constructed in 1919, 
the clectrie and magnetic fields were 


| so arranged that all particles having 
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the same mass were brought to a focus 
as a fine line rather than a parabola. 
Since each line indicated the presence 
of atoms or molecules of a particular 
mass, the result was referred to as a 
mass spectrum, and the instrument 
was called a mass spectrograph. 

6.41. With his first mass spectro- 
graph Aston was able to confirm the 
‘supposition that two forms of neon 
exist with atomic masses almost ex- 
actly 20 and 22, respectively. The 
proportion of the former appeared to 
be approximately ten times the latter, 
so that the mean atomic weight should 
be 20.2, in excellent agreement with 
the value derived from density meas- 
urements. Turning next to the familiar 
element chlorine, whose atomic weight 
was known with considerable accuracy 
to be 35.457 on the scale accepted at 
that time, Aston found that this also 
gave a mass spectrum with two lines 
corresponding to masses very close to 
35 and 37, respectively, there being no 
indication of the presence of a particle 
with a fractional atomic weight: It 
appeared, therefore, that chlorine, like 
neon, consists of a mixture of at least 
two isotopes. 

6.42. By the end of 1920, Aston had 
examined 19 elements in his mass spec- 
trograph and found that nine of them 
consisted of two or more isotopic forms 
with masses which were close to in- 
tegers. Further, it was observed that 
elements like helium, carbon, nitrogen, 
oxygen, fluorine, and phosphorus, 
which have atomic weights close to 
whole numbers, are not composite, as 
are neon, chlorine, boron, argon, and 
other elements.* 

6.43. These results led Aston to for- 
mulate the whole number rule, which is 


_* Later work has shown that 
nitrogen, and oxygen. 
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essentially a modified form of Prout’s 
hypothesis (§ 1.38). According to this 
rulé all atomic masses are very close 
to integers, and the fractional atomic 
weights determined chemically are due 
to the presence of two or more isotopes 
each of which has an approximately 
integral atomic mass.+ The constancy 
of the atomic weights of the elements 
as they occur in nature—with the 
exception of lead from radioactive 
sources—indicates essentially constant 
isotopic composition; that is to say, 
the constituent isotopes of a given el- 
ement are always present in substan- 
tially the same proportions. 

6.44. The possibility that the chem- 
ical elements might consist of groups 
with virtually identical chemical prop- 
erties, but different atomic weights, 
was considered during the 1880s by 
P. Schiitzenberger in France and by 
W. Crookes in England, both of whom 
thought it possible that the accepted 
atomie weights were mean values for 
the two or more members of the group. 
Crookes was influenced by the chem- 
leal similarity of the rare-earth ele- 
ments which, at the time, could not 
be fitted into the periodic table. As 
this difficulty has since been overcome, 
the arguments for meta-elements," as 
he called them, now lack force. Tt is to 
Soddy, therefore, that credit is due for 
being the first to envisage the situa- 
tion correctly from the modern stand- 
point, for in 1913 he suggested “that 
each known element may be a group 
of non-separable elements occupying 
the same place [in the periodic table], 
the atomic weight not being a real con- 
stant, but a mean value, of much less 
fundamental interest than has been 
hitherto supposed. Although . . . mat- 


small amounts of isotopes are present in helium, carbon, 


t The same general idea had been expressed in 1915 by W. D. Harkins and E. D. Wilson 


in the United States, and shortly thereaf! 


ter by K. Fajans in Germany and by F, Soddy in 


` England, but at the time it lacked experimental support. 


"p ae - 
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ter is even more complex than chem- 
ical analysis has been able to reveal 
... the problem of atomic constitu- 
tion may be more simple than has been 
supposed from the lack of simple nu- 
merical relations between the atomic 
weights.” 

6.45. In this latter conjecture Soddy 
was, of course, correct; but while there 
existed the possibility of fractional 
atomic weights, there could be no 
simple theory of nuclear structure. 
The discovery of the whole number 
rule removed, in the words of Aston, 
“the only serious objection to a uni- 
tary theory of matter.” The fact that 
all nuclear masses are approximately 
integral is in complete accord with the 
view that atomic nuclei are built up 
of neutrons and protons which have 
masses very close to unity on the 
atomic weight scale. As stated in 
§ 6.13, the isotopes of a given element 
differ from one another by the number 
of neutrons in the nucleus; the isotopic 
atomic weights should thus differ by 
small integers, as is undoubtedly the 
case. It should be mentioned that, al- 
though the masses of isotopes approx- 
imate to whole numbers, or to the sum 
of the masses of their constituent neu- 
trons, protons, and electrons, certain 
differences do exist; these differences, 
although small, are definite and of 
great significance as will be seen in 
Chapter 12. 


Tur Isotopic COMPOSITION 
or THE ELEMENTS 


6.46. In 1918, even before Aston had 
built his first mass spectrograph, A. J. 


Dempster in the United States had 
designed an instrument based on a 
somewhat different principle which will 
be described below. This instrument 
could be used to determine the rela- 
tive proportions, as well as the masses, 
of the particles present, and with it 
Dempster examined the metals lithium, 
magnesium, potassium, ealeium, and 
zinc. Two years later, he reported that 
these elements, like many of the non- 
metals studied by Aston, consisted 
of mixtures of isotopes with atomic 
weights that were close to whole num- 
bers. 

6.47. Before the year 1921, there- 
fore, it had been established that sev- 
eral elements, with atomic weights 
ranging from 10 to 238, existed in iso- 
topic forms, and that the phenomenon 
of isotopy was quite general over vir- 
tually the whole of the periodic table. 
Since that time the mass spectra of all 
the known elements have been inves- 
tigated and their isotopic compositions 
(or abundances) have been deter- 
mined.* The integers nearest to the 
atomic weights, i.e., the mass numbers, 
of the naturally occurring isotopes of 
the nonradioactive elements are given 
in the accompanying table. It is seen 
that only 20 elements, about one fourth 
of the whole, are single species; all the 
others consist of two or more isotopes 
of different masses, tin having as many 
as ten isotopes. 

6.48. The accompanying table lists 
over 280 isotopic forms of stable ele- 
ments] and if to these are added the 
40 or so radioactive isotopes, it is seen 
that a total of more than 320 isotopic 


* The isotopes of hydrogen, carbon, nitrogen, and oxygen were discovered by means of 
optical spectra. They were not identified in the earlier mass spectrographs because their 
faint lines were very close to those of other substances which were, or might have been, present. 


Their existence has been confirmed, however, 


resolving power. 


by means of the later instruments of greater 


t Actually, at least 11 naturally uit e ie of these "stable" elements exhibit feeble 


radioactivity; these are K(40), V(50), RI 


(87), In(115), La(138), Lu(176), Ta(180), and 


Re(187), which are negative beta emitters, and Nd(144), Sm(147), and platinum (190), which 


emit alpha particles. Based on the masses of the parent and daughter nuclei, about ten others 
should be capable of double-beta decay, e.g., Ca(48), Mo(100), Sn(124), Te(130), and Nd(150). 
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Selenium. 
Bromine. ] 
Krypton...... 


Molybdenum, . ` 


Technetium... 
Ruthenium. ... 


* Radioactive. 
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23 
24, 25, 26 
27 
28, 29, 30 
31 


32, 33, 34, 36 

35, 37 

36, 38, 40 

39, 40,* 41 

40, 42, 43, 44, 46, 48 
45 

46, 47, 48, 49, 50 
50,* 51 


63, 65 
64, 66, 67, 68, 70 
69, 71 

70, 72, 73, 74, 76 
75 


74, 76, 77, 78, 80, 82 
79, 81 

78, 80, 82, 83, 84, 86 
85, 87* 

84, 86, 87, 88 

89 


90, 91, 92, 94, 96 

93 

92, 94, 95, 96, 97, 98, 
100 


96, 98, 99, 100, 101, 
102, 104 

103 

102, 104, 105, 106, 
108, 110 

107, 109 

106, 108, 110, 111, 
112, 113, 114, 116 


Antimony.. ... 
Tellurium..... 


Iodine. .. 
Xenon... 


Cesium....... 


Cerium....... 


Promethium. .. 
Samarium..... 


Europium..... 
Gadolinium. . . 


Holmium, .... 


Ytterbium. . . . 


Lutetium..... 
Hafnium 
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113, 115* 

112, 114, 115, 116, 
117, 118, 119, 120, 
122, 124 

121, 123 

120, 122, 123,* 124, 
125, 126, 128, 130 

127 

124, 126, 128, 129, 
130, 131, 132, 134, 
136 

133 

130, 132, 134, 135, 
136, 137, 138 

138,* 139 

136, 138, 140, 142 

141 

142, 143, 144,* 145, 
146, 148, 150 


144, 147,* 148, 
150, 152, 154 

151, 153 

152, 154, 155, 
157, 158, 160 

159 

156, 158, 160, 
162, 163, 164 

165 

162, 164, 166, 
168, 170 

169 

168, 170, 171, 
173, 174, 176 

175, 176* 

174, 176, 177, 
179, 180 

180,* 181 

180, 182, 183, 
186 

185, 187* 

184, 186, 187, 
189, 190, 192 

191, 193 

190,* 192, 194, 
196, 198 

197 

196, 198, 199, 
201, 202, 204 

203, 205 

204, 206, 207, 208 

209 


149, 


156, 


161, 


167, 


172, 


178, 


184, 


188, 


195, 


200, 


Isotopes 


species exist in nature. In addition, 
there have been obtained in recent 
years some 1100 or so which do not 
occur naturally; thus, at the present 
time, over 1400 species have been iden- 
tified. 

6.49. With the increasing complex- 
ity of the subject there has been some 
feeling that a more precise terminology 
was desirable. Consequently, in 1947, 
T. P. Kohman, in the United States, 
proposed the term nuclide for a species 
of atom characterized by the constitu- 
tion of its nucleus, i.e., by the numbers 
of neutrons and protons it contains. 
Thus, the species whose masses are 
given in the table might be referred to 
as the naturally occurring nuclides of 
the nonradioactive elements. Similarly, 
every radioelement is a radioactive nu- 
elide or radionuclide. An isotope would 
then be one of a group of two or more 
nuclides having the same number of 
protons or, in other words, having the 
same atomic number. An element like 
fluorine, of which only one species 
exists in nature, would then be said to 
form a single stable nuclide, rather 
than a single stable isotope, since the 
word isotope seems to imply more than 
one species occupying the same place 
in the periodic system. 


Mass SPECTROGRAPHS 
AND SPECTROMETERS 


6.50. Following upon the pioneering 
work of Aston and of Dempster, which 
has been mentioned above, a great deal 
has been done with the object of im- 
proving the accuracy and simplifying 
the operation of the mass spectro- 
graph. Both Aston and Dempster made 
important contributions in this con- 
nection, as also have several other 
physicists, notably K. T. Bainbridge, 
W. Bleakney, E. B. Jordan, and A. O. 
Nier in the United States, and J. 
Mattauch in Austria. Many instru- 
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ments have been constructed for deter- 
mining both the masses of isotopes and 
their relative proportions. A limited 
number of these devices will be de- 
scribed here, the selection being based 
on features of special interest. Al- 
though the general term mass spectro- 
scope is often used, a distinction can 
be made between “spectrometer,” in 
which a meter measures an ion cur- 
rent, and “spectrograph,” in which the 
record appears on a photographic plate. 
The term mass spectrometer, however, 
is often used for instruments of all 
types. 

6.51. In one form of Dempster’s 
mass spectrometer, the element being 
studied is vaporized by heating it elec- 
trically, and the atoms in the vapor are 
then ionized by bombardment with 
electrons emitted from a hot filament. 
The positively charged ions so pro- 
duced emerge from a hole in the plate 
P, (Fig. 6.4), and they are then accel- 
TO PUMP 


10N SOURCE TO METER 


MAGNETIC FIELO 


Fig. 6.4. Mass spectrometer with direc- 
tion focusing. 


erated by means of a variable electric 
field, of 1000 volts or more, applied 
between P; and P;. The ions emerging 
from the narrow slit in P; thus all have 
virtually the same energy. If V is the 
potential difference of the electric field, 
the positive ions carrying a charge e 
will acquire energy equal to Ve in 
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passing from P, to Ps. This energy is 
kinetie in nature and hence it may also 
be represented by 14mv?, where m is 
the mass of the positively charged par- 
ticle and v is the velocity with which it 
emerges from the slit in Ps; conse- 


quently, 
Ve = Vom. (6.7) 


The narrow beam of ions emerging 
from P, is then made to traverse a 
semicircular path by means of a con- 
stant magnetic field operating in a 
direction perpendicular to the plane 
of the diagram. The particles of suit- 
able mass are thus able to pass through 
the slit at S and on to a small plate 


. connected to a suitable meter for meas- 


uring the ion current. 

6.52. Tt was seen in § 2.42 that, when 
a charged particle moves in a suitably 
oriented magnetic field B, the radius 
of curvature r of the path is related to 
the charge e, the mass m, and the 
velocity v of the particle by 


(6.8) 


Hence, by combining equations (6.7) 
and (6.8) so as to eliminate v, it follows 
that for the positively charged par- 
ticles under consideration 


(6.9) 


6.53. In the apparatus depicted in 
Fig. 6.4, only those ions moving in à 
path of definite radius can pass through 
the slit 5 and be recorded by the meter. 
The m/e value for these particles is 
determined by V and B, according to 
equation (6.9), and hence if the elec- 
tric and magnetic fields are kept con- 
stant, only ions of a particular mass 
can enter the slit assuming, for simplic- 
ity, that the charge e is the same in 
every case. The actual value of this 
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mass can be calculated from equation 
(6.9) if V, B, and r are known, but 
this is avoided in practice by calibrat- 
ing the instrument with a substance of 
known mass. The potential V of the 
electric field necessary to cause these 
particles to follow the required path is 
measured and, since m/e is known, the 
quantity B?r*, which is characteristic 
of the partieular apparatus, since B 
and r are both constant, may be readily 
obtained. 

6.54. After the mass spectrometer 
has been calibrated, the potential V is 
adjusted to any desired value, the mag- 
netie field B being kept constant, and 
the corresponding ion current is meas- 
ured by the meter. Since B?r? is known 
and V can be determined, the mass— 
more accurately the m/e value—of 
these particular ions can be calculated 
from equation (6.9), and their quan- 
tity is proportional to the strength of 
the ion current. By using a number of 
different adjustments of the acceler- 
ating potential V, the masses and rel- 
ative amounts of various isotopes 
present in the apparatus can thus be 
obtained. 

6.55. The special feature of the 
Dempster mass spectrometer is that it 
gives what is known as direction focus- 
ing. Thus, charged particles emerging 
from the slit in P; in different direc- 
tions are all brought to a focus at the 
slit S, provided they have the same 
m/e value. Other instruments, such as 
that of Bainbridge, on the other hand, 
give velocity focusing. In this case a 
beam of positively charged particles 
passing through the slits S; and Sz 
(Fig. 6.5) is acted upon simultaneously 
by opposing electric and Magnetic 
fields. Only those ions remain unde- 
flected, and so emerge from the third 
slit Ss, for which the displacements 
produced by the two fields compensate 
exaetly. It, can be seen from the argu- 
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ment in § 2.44, in connection with J. J. 
Thomson’s experiments on cathode 
rays, that the necessary condition for 
this to occur is that the velocity » of 
the charged particles shall be equal to 
E/B, where E is the strength of the 
electric field,* and B is that of the 
magnetic field. Since the field strengths 
are maintained constant, it follows 
that all the ions emerging from S; have 
the same velocity. 
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Fia. 6.5. Mass spectrograph with velocity 
focusing. 


6.56. After leaving the slit Ss, the 
stream of charged particles enters an- 
other magnetic field which causes it to 
be deflected into a semicircular path, 
ultimately striking the photographic 
plate F. The conditions are now analo- 
gous to those in the Dempster appa- 
ratus so that an equation similar to 
(6.8) is applicable. The values of the 
magnetie field strength and of the 
velocity of the particles are, however, 
constant; hence the radius of curvature 
of the path is seen to be directly pro- 
portional to the mass, assuming the 
charge to be the same for all the par- 
ticles. Thus, each set of particles, each 
isotopic species for example, having 
the same mass will follow a particular 
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path and will produce a definite line, 
such as M; or M;, on the photo- 
graphic plate. From the positions of 
the lines it is a relatively easy matter 
to determine the masses of the isotopic 
particles, in view of the direct pro- 
portionality between the mass and the 
radius of the path. Furthermore, by 
comparing the intensities of the lines 
on the plate, the relative amounts of 
the various species can be estimated. 

6.57. For the sake of convenience, 
the foregoing descriptions have re- 
ferred to mass spectrographs (and 
spectrometers) involving one type of 
focusing or another. Some more mod- 
ern forms, known as the double-focusing 
type, employ both direction and veloc- 
ity focusing. As a result, it is possible 
to obtain the well-spaced sharp lines, 
which are characteristic of direction 
focusing, together with the simple rela- 
tionship between the position of the 
lines and the masses of the particles, 
which is a feature of velocity focusing. 
Since nothing especially novel is in- 
volved, it is not necessary to consider 
the matter further, except to indicate 
that a good mass spectrometer will 
give mass values with an accuracy of 
one part in a hundred thousand. 

6.58. A mass spectrometer, capable 
of determining isotopic weights with 
great accuracy, but based on an 
entirely different principle to those de- 
scribed above, was proposed by S. 
Goudsmit in the United States in 1948. 
It is seen from Figs. 6.4 and 6.5 that 
the positive ions follow a semicireular 
path in a magnetic field, and if there 
were nothing to stop them, the path 
would be a complete circle. More cor- 
rectly, since the ions are emitted from 
the source in several directions, they 
would travel in a helix. If r is the 


* It may be noted that the electric field strength E is not the same as the potential V used 
earlier; E is equal to V/d, where d is the distance between the plates across which the potential 


is applied in order to produce the electric field. 
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radius of curvature, the length of each 
circular turn of the helix would be 
2«r. Since the velocity of the ion is v, 
the time T required to traverse a turn 
of the helix would be 2rr/v. Accord- 
ing to equation (6.8), the value of r/v 
is m/ Be, and so it follows that 


2xm 
Ts 


This means that, for a magnetic field 
of given strength B, the time required 
for an ion to complete a turn of its 
circular helical path is independent of 
the radius of that path but is pro- 
portional to the mass of the ion.* This 
is the principle of the time-of-flight 
mass spectrometer. 

6.59. In the instrument, an ion 
collector is placed directly above or 
directly below the ion source. Thus, 
positive ions which have made one (or 
more) complete circular turns in the 
magnetic field will enter the collector. 
The ions are emitted from the source 
as a pulse of very short duration and 
their arrival at the collector is timed 
electronically. From the time of flight 
the mass of the ions is calculated; the 
instrument is calibrated by timing ions 
of known mass so that the magnetic 
field strength is not required. One 
significant advantage of the time-of- 
flight spectrometer is that the accuracy 
is essentially independent of the mass 
of the ions, whereas with the other 
instruments the accuracy decreases 
with increasing mass. 

6.60. Until the late 1940s, mass 
spectrographs and spectrometers were 
used almost exclusively for the study 

-of isotopes. In recent years, however, 
mass spectrometry has found many 
other applications, e.g., in the analysis 
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of complex mixtures such as petroleum, 
in establishing the structures of certain 
organic molecules, and even in the 
identification of new, unstable com- 
pounds. A number of commercial de- 
vices are available for such laboratory 
purposes; although they give masses 
with sufficient accuracy, they do not 
require the high resolution of the in- 
struments used for the precise deter- 
mination of isotopic weights. Some are 
based on the magnetic deflection prin- 
ciple described earlier, but others avoid 
the use of magnetic fields and depend 
on the differing velocities (or times of 
flight) of ions having the same kinetic 
energy but different masses. Since 
lm»? is constant, the velocity is in- 
versely proportional to the square root, 
of the mass. It is of interest to note 
that mass spectrometers of compact 
design have been carried by space 
probes and satellites to determine the 
composition of the upper atmosphere. 
The suggestion has also been made 
that the surfaces of the moon and 
planets might be analyzed by means 
of the mass spectrometer. 


Isotopic (or ATOMIC) Masses 
AND ABUNDANCES 


6.61. The accuracy of Aston’s first 
mass spectrograph was inadequate to 
determine whether the masses of 
the isotopes were exactly integral or 
whether there were small deviations 
from whole number values. Conse- 
quently, he proceeded to construct a 
new instrument capable of greater pre- 
cision, and his second mass spectro- 
graph, completed about 1925, was ca- 
pable of giving results accurate to 
about one part in ten thousand. With 
this apparatus, Aston showed that the 


* This is sometimes referred to as the cyclotron principle, for reasons which will be ap- 


parent in § 9.34. 


; 
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masses of the individual isotopes (nu- 
clides) on the atomic weight scale, i.e., 
the isotopic masses (or weights), ac- 
tually differed from whole numbers, 
although the differences were very 
small. Later work by Aston and others 
has confirmed this discovery. Some 
isotopic masses are slightly less than 
integers and others are somewhat 
greater but, with the exception of the 
heavy radioactive elements, the max- 
imum deviation is about 0.06 atomic 
mass unit, most of the differences be- 
ing considerably smaller. The integer 
nearest the isotopic mass, which is 
commonly used to identify the isotope, 
Aston called the mass number. Al- 
though the term mass number orig- 
inated in this way, as an experimental 
quantity, it is now commonly defined 
in the manner given in § 4.36, as the 
total number of nucleons, i.e., protons 
and neutrons, present in the nucleus. 

6.62. It will be seen from the table 
of isotopes that oxygen has three stable 
isotopes with mass numbers of 16, 17, 
and 18, respectively; of these, the first 
is by far the most abundant (99.76 
atoms percent). In the determination 
of isotopic masses by the mass spectro- 
graph* it was the practice until the 
end of 1961 to take the atomic mass of 
oxygen-16 as exactly 16.0000. Chem- 
ical atomic weights, on the other hand, 
were based on the value of 16.0000 for 
the atomie weight of ordinary atmos- 
pheric oxygen (§ 1.24), which is a mix- 


ture of the three isotopes. By the mass 


spectrographie standard, however, the 
mean atomie weight of oxygen was 
16.0045. Hence, mass spectrographic 
atomic weights were larger by a factor 
of 16.0045/16.0000, i.e., 1.00028, than 


* Although both mass spect: 
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the accepted chemical values. In order 
to overcome this discrepancy, it was 
agreed to adopt the same standard for 
both mass spectrographic and chem- 
ical determinations, namely, 12.0000 
for the atomic weight of carbon-12, the 
main isotope of the element carbon. 
Atomic weights on the new scale are 
smaller than the old mass spectro- 
graphic values by a factor of 1.00032 
and than the old chemical values by 
a factor of 1.00004, i.e., four parts in 
100,000. One of the objectives of the 
carbon-12 scale was to avoid any sig- 
nificant changes in chemical atomic 
weights which might have had disturb- 
ing consequences in chemical indus- 
try. 
6.63. In addition to giving the 
atomic weights of the isotopic constit- 
uents of an element, their relative 
amounts can also be obtained, as men- 
tioned earlier, by means of the mass 
spectrometer. In fact, an important 
use of this instrument is for the quan- 
titative analysis of both naturally 
occurring and partially separated mix- 
tures of isotopic substances. The pro- 
portions of the various isotopes are 
referred to as the abundance ratios or 
the relative abundances or, in brief, as 
the abundances. The values are usually 
expressed as atomic percentages. Iso- 
topic mass (or weight) is now generally 
referred to as atomic mass, since it 
gives the mass of an atom of the given 
isotopic species on the atomic mass 
scale, on which the carbon-12 isotope 
has a mass of exactly 12.0000 amu 
(83.82). Examples of atomic masses 
and abundances of some common el- 
ements as they occur in nature are 
given in the accompanying table. 


hs and spectrometers are used in this work, the results, 


following historical precedent, are often referred to as mass spectrographic values. 
f The decision to adopt the carbon-12 standard as of January 1, 1962 was made by the 


International Union of 
national Union of Pure and Applied 


ure and Applied Physics at its meeting in 1960, and by the Inter- 
Chemistry at its 1961 meeting. 
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Abun- | instances, however, chemical atomic 

Mass — Atomic dance - | weights have been corrected as a result 

Element Number Mass Percent | ot mass spectrographic observations. 

Hydrogen i 1.007825 din During the 1920s, for instance, the 

) K Some ) chemical atomic weight of boron was 

Boron...... 10 10.012039 18.6 quoted as 10.90, but isotopic analysis 

B M us : us indieated an appreciably lower value. 

Carbon... 12 12.000000 98.892 | Subsequent redetermination by im- 

I3 — 13.009354 1.108 | proved chemical methods gave 10.81, 

Nitrogen. 14 14.003074 99.634 | in good agreement with the mass spec- 
15 . 15.000108 0.366 | trographic result. v 

6.65. For the majority of elements 

M s ir ER NR studied the relative abundances of 

18 17.999160 — 0.204 | their isotopes have been found to be 

Sulfur’. 32 31.972074 95.00 independent of the source of the ma- 

33 32.971462 0.76 terial. In some instances, however, 

34 . 33.907860 . 422 variations have been detected. Lead, 

36 . 35.967090 0.014 | associated with radioactive minerals, 

Chlorine. 35 34.968851 75.54 is an outstanding example; as indicated 

37 36.005898 . 24.46 in § 6.24, lead from uranium minerals 

Copper..... 63 62.929592 — 69.09 contains more of the 206 isotope, 

65 64.927786 30.91 whereas the thorium minerals have 


6.64. By combining the mass spec- 
trographic atomic masses and abun- 
dances, it is possible to calculate the 
average atomic weight of an element 
as it exists in nature. The result should 
then be the same as the normal atomic 
weight determined by chemical meth- 
ods (§ 1.34 et seg.), For example, from 
the data in the accompanying table, 
the atomie weight of chlorine should 
be 35.455, which may be compared 
with the chemical value of 35.453. The 
small discrepancy probably arises from 
an uncertainty in the abundances of 
the two isotopes which are known only 
to four significant figures. Although 
atomic masses can be measured mass 
spectrographically to within one part 
in 100,000, such accuracy has not been 
attained in the evaluation of the rel- 
ative abundances of the isotopes of 
a given element. Consequently, the 
chemical procedure is still preferred 
for the determination of the atomic 
weights of many elements. In some 


more of the 208 isotope. But, lead de- 
rived from apparently nonradioactive 
sources also exhibits slight differences 
in isotopic composition. The same is 
true of hydrogen, carbon, oxygen, and 
possibly chlorine; the significance of 
some of these variations will be consid- 
ered later. 1 


Heavy HYDROGEN: DEUTERIUM 


6.66. For many reasons, one of the 
most notable of the stable isotopes is 
that of hydrogen; its discovery,’ in 
1931, marked an important advance 
in understanding the chemical behav- 
ior of isotopes in general. In 1920, both 
W. D. Harkins and E. Rutherford, 
whose speculations concerning the neu- 
tron were mentioned in $ 2.115, con- 
sidered the possibility that there might 
exist a form of hydrogen with a mass 
approximately twice that of ordinary 
hydrogen. Subsequently, other scien- 
tists argued that such an isotope was 
to be expected to fit in with the mass 
regularities exhibited by the known 
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isotopes of other elements of low 
atomic weight. As early as 1919, O. 
Stern and M. Volmer, in Germany, 
had sought, unsuccessfully, however, to 
detect the presence of a heavier isotope 
in ordinary hydrogen in order to deter- 
mine whether the departure of the 
atomic weight from exactly unity 
might be accounted for in this manner. 
They tried to bring about a partial 
separation of the possible isotopes by 
diffusion, the procedure by which Aston 
had been successful with neon (§ 6.37); 
but they were unable to detect any 
change of density. Although it is now 
known that this failure was due to 
faulty experimental technique, it 
served the purpose of discouraging 
others from seeking for an isotope, the 
existence of which was in doubt. It 
may be mentioned that the earlier 
mass spectrographs were unable to 
shed any light on the problem, because 
with hydrogen in the apparatus there 
was invariably a line of mass approx- 
imately 2, due to molecular hydrogen 
(H3), which could not be distinguished 
from that due to the isotopic atom of 
similar mass. 

6.67. When, in 1927, Aston reported 
on the isotopic composition of hydro- 
gen as determined by the mass spectro- 
graph, he stated that it consisted of a 
single species of atomic weight 1.00778, 
apparently in excellent agreement with 
the chemical atomie weight 1.00777 
accepted at’ that time. The discovery, 
two years later, by F. W. Giauque and 
H. L. Johnston, in the United States, 
that atmospheric oxygen is a mixture 
of three isotopes, showed that atomic 
weights obtained by the mass spectro- 
graph could not be identical with the 
chemical values then in use, as ex- 
plained in § 6.62. By making the ap- 
propriate conversion of Aston’s mass- 
spectrographic atomic weight to the 
chemical scale, it would then become 


i 


1.00750, as compared with 1.00777 de- 
termined by chemical methods. The 
difference between these two. values 
was appreciably greater than could be 
accounted for by the possible exper- 
imental errors, and in 1931 R. T. Birge 
and D: H. Menzel, in the United States, 
suggested it might be due to the pres- 
ence in ordinary hydrogen of about one 
part in 4500 of a heavier isotope, con- 
cerning the existence of which there 
had been much speculation, as stated 
above. The lower result obtained by 
the mass spectrograph would then be 
the atomic weight of the lighter iso- 
tope, whereas that derived by chem- 
ical methods would be the weighted 
mean value for both isotopes normally 
present in hydrogen. 

6.68. Encouraged by the calcula- 
tions based on the difference in atomic 
weights, and also by the fact that a 
hydrogen isotope of mass 2 was re- 
quired to complete a regular arrange- 
ment of the known isotopes, the 
American scientist H. C. Urey, in 
1931, attacked the subject from a new 
angle. He considered the possibility 
that, in the liquid state, the two 
isotopes of hydrogen might have dif- 
ferent vapor pressures, so that a sepa- 
ration would be possible. Calculations, 
made in conjunction with G. M. 
Murphy, showed that the lighter 
isotope (of mass number 1) should 
have the higher vapor pressure; hence, 
upon evaporation of liquid hydrogen, 
the heavier isotope (of mass number 
2), if present, should concentrate in 
the residue. In view of the expected 
small proportion of the heavier isotope 
in ordinary hydrogen, Urey realized 
that it would be difficult to detect un- 
less a large volume of liquid hydrogen 
could be used. Consequently, the col- 
laboration of F. G. Brickwedde, at the 
U. S. National Bureau of Standards, 
was obtained in the evaporation of 4 
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liters of liquid hydrogen down to 1 ce. 
An examination of the optical spec- 
trum* of this residue, by Urey and 
Murphy at Columbia University, ex- 
hibited very clearly a line in the 
precise position required for an isotope 
of hydrogen with a mass very close to 
2 on the atomic weight scale.t 

6.69. Subsequently, a careful study 
showed the same line to be present, 
although very much fainter, in the 
spectrum of ordinary hydrogen. Thus, 
definite proof was obtained of the 
existence of a heavier isotope of hy- 
drogen. The concentration of this iso- 
tope by the distillation of liquid 
hydrogen was verified by a number of 
scientists in Europe. Confirmation of 
its existence was obtained shortly after- 
ward in the United States, when W. 
Bleakney found that the appropriate 


‘line could be detected in the mass 


spectrometer, and K. T. Bainbridge 
determined the isotopie mass. 

6.70. Soon after the discovery of the 
heavier isotope of hydrogen, Urey, one 
of its discoverers, together with E, W. 
Washburn, of the U. S. National Bu- 
reau of Standards, thought that a par- 
tial separation of the isotopes might be 
achieved by the electrolysis of water,t 
that is to say, by decomposing water 
by means of an electric current. While 
the experiments to test this possibility 
were still in progress, a sample of water 
obtained from industrial electrolytic 
cells, which had been used for the 
production of hydrogen and oxygen, 


* Optical spectra, which are due to changes 


by the Pepe of light g 4.42), should, of course, not be confi 
rogen atom of mass 2 is entirely different from that of a hydrogen 


optical spectrum of a h: 
molecule (Hz), althou; h 
As a historical sidel 
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was examined by E. R. Smith, at 
Washburn's suggestion, and found to 
have a density appreciably higher than 
that of ordinary water. This difference 
was attributed to the presence in the 
former of an excess, above the normal 
proportion, of water molecules con- 
taining the heavier hydrogen isotope. 

6.71. It thus appeared that upon the 
electrolysis of water—actually an 
aqueous solution was used—the lighter 
isotope of hydrogen is evolved more 
readily than the heavier one, so that 
the latter accumulates in the residual 
water. Consequently, by prolonged 
electrolysis, it might be possible to 
concentrate the heavier isotope. This 
was actually achieved in 1933 by G. N. 
Lewis and his collaborators at the Uni- 
versity of California; by continued 
electrolysis of a large quantity of water 
from an old commercial electrolytic 
cell, they obtained ultimately a small 
residue in which almost all of the hy- 
drogen was in the form of the heavier 
isotope. Other scientists, in the United 
States and elsewhere, soon followed 
up this work, using larger quantities 
of electrolyte and improved procedures, 
so that appreciable amounts of the 
isotope were isolated. Since ordinary 
hydrogen consists almost entirely of 
the lighter isotopic species, it meant 
that both isotopes were now available 
for experimental purposes in an almost 
pure state. 

6.72, Because the atomic masses of 
the two isotopes of hydrogen are in the 


The suggestion that isotopes might: be separable by el i i 
J. ond and E. D. Crittenden in the United States, eg hei aries ch s id 
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approximate ratio of 2 to 1, which is 
greatly in excess of that for any other 
element, the otherwise small differ- 
ences in physical and chemical prop- 
erties of isotopes are so much accen- 
tuated that it was considered desirable 
to ascribe different names to these iso- 
topes. The name deuterium* was sug- 
gested for the heavier isotope by its 
discoverers, and this, together with the 
symbol D, has been widely adopted. 
The nucleus of the deuterium atom is 
called a deuteron, by analogy with the 
term proton for the nucleus of the 
lighter isotope (§ 2.64). The deuteron, 
with a positive charge of one unit and 
a mass of approximately two units on 
the conventional atomic mass scale, is 
evidently made up of a proton and a 
neutron.T 

6.73. The name hydrogen and the 
symbol H are used both for the lighter 
isotope and for the naturally occurring 
mixture which contains 99.985 percent 
of this form. Where a distinction is 
necessary the expression "light hy- 
drogen” is used, as against “heavy 
hydrogen" for deuterium, the heavier 
isotope. Ordinary water has the for- 
mula H:O, whereas heavy water, as it 
is familiarly called, in which all the 
hydrogen consists of the heavy form, 
has the scientific name of deuterium 
oxide and is represented by D;O. The 
density of heavy water is 1.108 as 
compared with 1.000 gram per ce for 
ordinary water; it freezes at 3.82°C 
and boils at 101.42°C, the correspond- 
ing temperatures for normal water be- 
ing 0°C and 100°C. The differences in 


the physical properties of light and 
heavy water are thus quite appreci- 
able. 

6.74. Prior to the discovery and 
isolation of deuterium, it was generally 
believed that the isotopes of a given 
element could not be separated by 
chemical methods, since they had iden- 
tical chemical properties (§ 6.7). Al- 
though it is true’ that isotopes do 
undergo the same chemical reactions, 
experiments with deuterium drew at- 
tention to the fact that the different 
isotopes react at different rates. The 
difference is negligible for the isotopic 
forms of the heavier elements, but for 
elements of low atomic weight, and 
particularly for hydrogen, the effects 
are very significant. 

6.75. The molecules of the lighter 
isotope of hydrogen (Hz), in the gas- 
eous form, undergo what is known as 
an isotopic exchange reaction with liquid 
heavy water (D:0), the two isotopic 
forms of hydrogen exchanging places 
with each other; thus, from left to 
right, 


Hz (g) + D:0 (1) — D: (g) + H:0 (D, 


where the symbols g and / indicate gas 
and liquid, respectively.f The reverse 
reaction, between deuterium gas (Ds) 
and light water (H0) is also possible, 
as is to be expected if isotopes exhibit 
similar chemical behavior; thus, 


Hs (g) + DO (D) — Di (g) + H0 (0) 


from right to left. The interesting 
point is that, provided the concentra- 
tions of the reacting substances are 


* From the Greek, deuteros (second). The analogous term protium (from protos, first) was 
suggested for the lighter isotope, but this has not, come into general use. Rutherford (1932) 
open the names dipi and haplogen for the two isotopes, from the Greek combining 
orms diplo (double) and haplo (single), with the symbols D and H, respectively; the names 
met with limited acceptance and have now been discarded. 7 

TA third isotope of hy: with a mass number of 3, has been obtained by artificial 
pr reactions (§§ 10.61, 11.58). It is radioactive and exists in nature in very Small traces 


only, 
f The reaction actually also involves the intermediate isotopic forms HDO and HD, but 
for the sake of simplicity they will be omitted from consideration here. 
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the same in both cases, the latter re- 
action takes place about three times 
as fast as the former; hence, if the 
equilibrium 


H: (g) + D:0 (l) = Ds (g) + H20 (0) 


is established between the isotopic 
forms of hydrogen gas and of liquid 
water, the substances on the left side 
will be favored over those on the right 
side. As a result, the ratio of deuterium 
to hydrogen in the liquid is found to 
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be approximately three times as great 
as in the gas. If the specific rates* of 
the two isotopic exchange reactions 
had been identical, the relative pro- 
portions of the isotopes would have 
been the same in both gaseous and 
liquid phases. The foregoing reac- 
tion has been chosen for considera- 
tion because it has been utilized, as 
will be seen shortly, for the large-scale 
concentration of deuterium, but other 
chemical processes exhibit similar be- 
havior ($ 6.112 et seq.). 


THE SEPARATION OF ISOTOPES 


THE SEPARATION Factor 


6.76. Materials enriched in partic- 
ular isotopic forms of certain elements 
have found numerous applications, as 
will be apparent in later chapters. 
Consequently, considerable interest 
attaches to the subject of the separa- 
tion of isotopes. In the two decades or 
so immediately following the first de- 
velopment of the concept of iso- 
topes, partial concentrations had been 
achieved of the isotopes of a number 
of nonradioactive elements, such as 
neon, chlorine, mercury, zinc, and po- 
tassium. The results were, however, 
not spectacular, and their main pur- 
pose was to provide confirmatory evi- 
dence for the existence of isotopes. 
The notable success achieved in the 
concentration of deuterium, in spite 
of its very small abundance (one atom 
in about 6500 atoms of ordinary hy- 
drogen), and the useful scientific ap- 
plications which were found for it, 
resulted in a revival of interest. in the 
general problem of the separation of 
isotopes. This interest was stimulated 


by the necessity for obtaining uranium 
enriched in the 235 isotope for the 
wartime atomic energy project (Chap- 
ter 14), with the result that, in the 
words of H. C. Urey, who has himself 
contributed largely to the subject, “it 
is [now] possible to separate the iso- 
topes of any element, though the ex- 
pense involved in certain. processes is 
still greater than may be warranted 

by the particular objective sought." 
6.77. The extent to which separation 
of isotopes is (or can be) achieved in a 
particular process is conveniently rep- 
resented by means of the separation 
factor, defined as the ratio of the abun- 
dance of a given isotope in the enriched 
state to that in the initial state. For 
example, if an isotopic mixture con- 
tains a fraction (or percentage) f of a 
given isotope before treatment, t and f’ 
is the fraction (or percentage) present 
in the system after treatment, the sep- 
aration factor s for this particular 

process is given by 
‘ y 


s= n (6.10) 


* The rate of a chemical reaction depends on the concentrations of the reacting substances. 
The adjective specific implies that the concentrations are the same (unity) in jus jen 


that the results are com) 


* depleted part has 


e le each other. 

T Strictly, f should refer to the depleted portion remaini; 

material from the systern. Since the separation factor is us 
ost the same composition as the material 


after removal of the enriched 
close to unity, however, the 
ore treatment. 


1 


Isotopes 183 


The larger the value of s in compar- 
ison with unity the more efficient is 
the separation. If it is only slightly 
greater than unity, the extent of sep- 
aration is small, and many successive 
stages may be necessary to obtain an 
appreciable concentration of the de- 
sired isotope. If the separation factor 
is s in each stage, the over-all separa- 
tion factor for n stages is s", which 
can become quite appreciable, if n is 
sufficiently large, even though s may 
be close to unity (§ 6.86). 


Tne Gaseous DIFFUSION METHOD 


6.78. Historically, the first success- 
ful method for the enrichment of iso- 
topes, and one which is still of prime 
importance, made use of the different 
rates of diffusion of gases through a 
porous barrier.* Since the early years 
of the 19th century, it has been known 
that the rate of diffusion of a gas is 
inversely proportional to the square 
root of its density. The reason is that, 
at the same temperature, the molecules 
of a light gas move, on the average, 
with a higher speed than do those of a 
heavier gas, It was seen in § 1.33 that 
the gas density is directly related to the 
molecular weight of the substance, and 
so it follows that the. rate of diffusion 
is inversely proportional to the square 
root of the molecular weight. Thus, a 
gas of lower molecular weight will pass 
through a particular porous barrier 
faster than one of higher molecular 
weight. Hence, in a mixture of two 
isotopic molecules, those containing 
the lighter isotope will diffuse more 
rapidly than the heavier species. This 
fact was utilized in 1913 by F. W. 
Aston to obtain a partial separation of 
the isotopes of neon, as mentioned in 


§ 6.37. A few years later, in 1921, 
W. D. Harkins, in the United States, 
reported slight enrichment of the iso- 
topes of chlorine by diffusion of hy- 
drogen chloride gas through pipe clay. 

6.79. If M; is the molecular weight 
of the form containing the lighter iso- 
tope, and M; is that of the form with 
the heavier isotope, the ideal separa- 
tion factor for diffusion is represented 


by 
* JR 
87 Vy. 

This ideal can be realized only at the 
beginning of the diffusion process. As 
diffusion proceeds, the concentration 
of the lighter constituent in the dif- 
fusate, i.e., in the gas passing through 
the barrier, increases and there is a 
tendency for back-diffusion to oceur. 
In other words, because of their higher 
concentration, the lighter isotopic mol- 
ecules tend to return to the side of the 
barrier from which they originated. As 
a result, the effective value of the sep- 
aration factor is decreased. In the 
extreme case, if diffusion were allowed 
to proceed long enough, the composi- 
tion of the gas would, of course, be the 
same on both sides of the barrier, and 
there would be no separation of the 
isotopes. In practice, therefore, there 
has to be a compromise between the 
quantity of gas permitted to diffuse 
and the resultant separation factor; 
this is achieved by allowing about half 
of the gas to pass through the barrier. 

6.80. It can be seen from equation 
(6.11) that the larger the ratio of the 
molecular weights of the two isotopic 
species the greater will be the separa- 
tion factor, and hence the efficiency of 
separation by diffusion. The most fa- 


(6.11) 


* The passage of through fine pores, small in comparison with the mean free path, i.e., 
the average taaa rolbal ayi before it collides with another molecule, is properly 


called effusion, rather than diffusion. But the latter term is almost invariably 


in the 


present connection, and so it will be employed here. 
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vorable case for naturally occurring 
isotopes is that of hydrogen gas where 
the molecular weights M; and M; are 
approximately 2 and 4, respectively; 
the ideal separation factor is then V2, 
i.e, 1.414. For the two most abundant 
isotopes of neon (mass numbers 20 and 
22) this factor is 1.049, and for those 
of chlorine (mass numbers 35 and 37), 
using hydrogen chloride as the diffusing 
gas, it is 1.028. It is apparent, there- 
fore, that the extent of isotopic enrich- 
ment by diffusion decreases rapidly 
with increasing atomic weight of the 
element whose isotopes are to be sep- 
arated. 

6.81. In order to increase the over- 
all separation by the diffusion process, 
G. Hertz of Germany introduced in 
1932 the “cascade” principle with re- 
cycling, which may be illustrated by 
means of the diagram in Fig. 6.6. A 
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not diffused, and which is consequently 
somewhat impoverished in the lighter 
species, is recycled; that is to say, it 
returns to unit C, where it joins the 
diffusate from D. The resulting gas 
then undergoes diffusion in C, the dif- 
fusate going on to B, while the remain- 
der returns to D to be recycled. In this 
way, the gas moving to the left from 
one unit to the next becomes increas- 
ingly richer in the lighter isotope, 
wheteas that traveling to the right con- 
tains an increasing proportion of the 
heavier species; thus, a kind of frac- 
tionation process is taking place. 

6.82. In his work, Hertz used a 
closed system, so that the gas contain- 
ing more of the lighter isotope col- 
lected in a vessel at one end, and that 
enriched in the heavier isotope accu- 
mulated at the other end. It is pos- 
sible, however, to imagine a somewhat 
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Fia. 6.6. Cascade principle for separation of isotopes by diffusion. 


number of units are shown, each con- 
taining a porous diffusion barrier rep- 
resented by a broken line. Consider the 
unit B: the gas enters from the right, 
and the arrangement of pumps per- 
mits about one half to diffuse through 
the barrier. The diffusate, which is 
richer in the lighter isotope, then passes 
into unit A; here it undergoes further 
diffusion, the diffusate containing a 
still higher proportion of this isotope. 
Turning attention once again to B, 
it will be seen that the gas which has 


similar cascade of diffusion barriers in 
which gas is fed continuously into one 
of the intermediate units, and is drawn 
off steadily at the two éxtremes. At 
one end, the left in Fig. 6.6, the gas 
has a greater abundance of the lighter 
isotope, and at the other end a larger 
proportion of the heavier isotope, than 
does the feed gas. 

6.83. Utilizing some form of the dif- 
fusion method, a number of investi- 
gators, both in Europe and America, 
achieved partial separation of the iso- 
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topes of hydrogen, carbon (in meth- 
ane), nitrogen, oxygen, neon, and 
argon. But the most remarkable ap- 
plication of the diffusion procedure is 
the concentration on a large scale of 
the 235 isotope of uranium, present 
to the extent of 0.72 atomic (or 0.71 
weight) percent in ordinary uranium. 
The process was developed in the 
United States during World War II, 
and has been in successful operation 
since the spring of 1945. 

6.84. In considering the possibility 
of separating the isotopes of uranium, 
it should be noted that uranium is a 
solid metal, and so it is first necessary 
to choose a compound of uranium that 
can be readily converted into a gas. A 
fairly obvious choice is uranium hexa- 
fluoride UT, for although it is a solid 
at ordinary temperatures, it is easily 
vaporized. An important advantage of 
the use of a compound of fluorine for 
diffusion separation is that this ele- 
ment consists of a single nuclide, as 
can be seen from the table in § 6.47. 
Consequently, the course of the diffu- 
sion process will be determined only 
by the uranium isotopes, and not by 
the fluorine. On the other hand, ura- 
nium hexafluoride has the great dis- 
advantage of being a highly reactive 
and corrosive gas, and special mate- 
rials have to be used for pipes, vessels, 
pumps, and even for lubrication pur- 
poses. 

6.85. As found in nature, uranium 


‘contains three, isotopic forms with 


mass numbers of 234, 235, and 238;* 
the proportion of the 234 isotope is 
only 0.006 percent, so that its presence 
may be ignored. The uranium hexa- 
fluoride may thus be regarded as essen- 
tially a mixture of two isotopic forms, 
with molecular weights of 235 + 6 X 


19, ie., 349, and 238 + 6 X 19, i.e., 
352, respectively; hence the maximum 
separation factor is given by equation 
(6.11) as 


SA [352 = 1.0043. 
349 


Close as this is to unity, the condi- 
tions in the diffusion cascade make it 
even closer. The first experimental 
measurements made by E. T. Booth, 
H. C. Paxton, and C. B. Slade at 
Columbia University, indicated a value 
of about 1.0014, which would appear 
to be so near to unity as to be of no 
use for the practical separation of the 
uranium isotopes. The situation was 
not altogether hopeless, however, as 
the following considerations will show. 

6.86. Since the proportion of ura- 
nium-235 is raised by a factor of only 
1.0014*in each diffusion stage, it is 
clearly necessary to increase the num- 
ber of stages in the cascade sufficiently 
to obtain the desired enrichment. If 
there are » successive stages, the over- 
all separation factor will then be 
(1.0014)", and a simple calculation 
shows that a ten-fold enrichment of 
the lighter isotope could be achieved 
in aboui 1800 stages. In order to in- 
crease the abundance of uranium-235 
from its normal value of 0.72 percent 
to 99 percent, n would have to be 
about 4000. Thus, using ordinary ura- 
nium hexafluoride as the process gas, 
a cascade of something like 4000 diffu- 
sion stages would be required to yield 
a product in which the uranium was 
almost entirely in the form of the 
lighter isotope. These numbers, al- 
though very large, did not appear to 
be beyond the bounds of possibility 
when the project was under considera- 
tion. It should be mentioned that the 


, * The 238 and 234 isotopes are uranium I and II, respectively, of the uranium disintegra- 
tion series, and the 235 isotope is actinouranium, the parent of the actinium series cor 
ter 5). In the chemical preparation of uranium hexafluoride, or other compounds, the 


radioactive disintegration products are largely removed. 


186 


foregoing siiaple method of calculation 
does not apply to an actual diffusion 
cascade, but it does indicate the orders 
of magnitude involved. 

6.87. The nature of the diffusion 
barrier merits some attention. To ob- 
tain true diffusion (or rather effusion) 
which makes isotopic separation pos- 
sible, it is necessary that the pores 
should be less than one tenth the mean 
free path of the molecules (§ 6.78 foot- 
note). Calculations based on the kinetic 
theory of gases show that at ordinary 
pressures the holes in the barrier 
would have to be about a millionth of 
a centimeter in diameter.* One way in 
which such barriers could be made is 
by etching a thin sheet of silver-zinc 
alloy by means of hydrochlorie acid. 
The acid would then dissolve out some 
of the zinc atoms, leaving a large num- 
ber of submicroscopic holes ,in the 
sheet of metal. 

, 6.88. In his report on Atomic Energy 
for Military Purposes, H. D. Smytht 
says: “By 1942, the theory of isotope 
separation by gaseous diffusion had 
been well worked out, and it became 
clear that.a very large plant would be 
required." In the summer of 1943 con- 
struction of a gaseous diffusion plant 
for the quantity production of en- 
riched uranium-235 was started at Oak 
Ridge, Tenn. But it was not until 
nearly two years later, after many 
perplexing problems had been solved, 
that it came into full operation. With 
its thousands of miles of piping and 
hundreds of acres of diffusion barriers, 
the plant is one of enormous size (Fig. 
6.7). It is indeed a monument, in the 
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words of the Smyth Report, to the 
"courage and persistence, as well as 
the scientific and technical ability," of 
the physicists, chemists, and engineers 
who were responsible for its planning, 
construction, and operation. 


NozzuE SEPARATION METHOD 


6.89. A method of separating iso- 
topes, which has some features in 
common with the gaseous diffusion 
procedure, was proposed in 1955 by 
W. W. Becker and his collaborators in 
West Germany. The mixture ofiso- 
topic molecules in gaseous form is 
passed through an expanding air nozzle 
nt pressures below atmospheric. The 
lighter component, having the faster 
moving molecules, then tends to con- 
centrate at the outside of the gas 
stream with the heavier component in 
the inside. Opposite the center of the 
nozzle is a ‘paring tube," so that the 
gas entering this tube contains a larger 
proportion of the heavier molecules 
than does the remaining gas. ‘Thus, a 
partial separation of lighter from 
heavier isotopes becomes possible. The 
combination of nozzle and paring tube 
is equivalent to a diffusion barrier, 
with a separation factor of about the 
same magnitude. The process, like 
gaseous diffusion, lends itself to the 
application of the cascade principle 
for increasing the over-all separation. 


Tue ELECTROMAGNETIC METHOD 


6.90. The electromagnetic method 
of isotopic separation is of special in- 
terest as it was the first to yield appre- 
ciable amounts of uranium-235 for the 


_ “A decrease in pressure, at a given temperature, would be accompanied by a proportionate 
increase in the mean free path of the molecules and in the hole size. 
1 The report on Atomic Energy for Military Purposes, subtitled The Official Report on the 


Development of the Atomic Bomb under the Auspices of the United 


States Government 1940-1946, 


often referred to as the Smyth Report gives a full account of the development of this and 
nsidered 


other procedures which were coi 
1 Additional gaseous diffusion 

at Paducah, Kentucky and at 

Great Britain, in the 


or the separation of uranium-235. 
Eds us Toes of umb iM constructed 
ortsmou! io. There are, presumably, similar plants in 
.S.S.R., and apparently in France and Gh ina. 3 n 
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wartime atomic energy project, al- 
though it is no longer used for that 
purpose. Because of its great conven- 
ience and adaptability for work on a 
moderate scale, however, the proce- 
dure is now being extensively em- 
ployed for the production of the sep- 
arated isotopes of about 60 stable ele- 
ments for use in various research prob- 
lems (Chapter 17). 
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small receivers are placed in the proper 
positions, the separate isotopes can be 
collected.* By using this method, 
which was suggested by F. W. Aston 
in 1919, the English physicists M. L. 
E. Oliphant, E. S. Shire, and B. M. 
Crowther succeeded, in 1934, in ob- 
taining very small quantities—less 
than one ten-millionth part (10-7) of 
a gram—of the separated isotopes of 


Fig. 67. Plant for the enrichment of uranium-235 by gaseous diffusion at Oak Ridge, 
"Tennessee. 


6.91. The principle of the electro- 
magnetic method is essentially that of 
the mass spectrograph, in which each 
isotopic species present in a stream of 
lons is bent through a different path 
by a suitable arrangement of electric 
and magnetic fields (§ 6.51). If, in- 
Stead of the photographic plate or 
other device used for detecting the 
Positively charged ions, a number of 


lithium in virtually pure form. Almost 
simultaneously, W. R. Smythe and his 
collaborators in the United States de- 
seribed an improved form of the ap- 
paratus, using the same principle, by 
means of which they were able to 
separate appreciable amounts of the 
isotopes of several elements. 

6.92. Because the mass-spectrom- 
eter (or electromagnetic) method of- 


* There is, of course, an actual separation of isotopes in any mass s ectrograph (or spec- 


trometer) 
graphic p 


but the amounts are extremely small, being sufficient me: 
late or to be recorded as an ion current. 


ly to affect a photo- 
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fered the advantage of efficient sepa- 
ration, evea for isotopes of high mass 
number, it found application in certain 
instances where only minute amounts 
of the separated isotopes, provided 
they were in a fairly pure state, were 
adequate. A case of particular interest 
was that in which it was required to 
study the interaction of the isotopes of 
uranium with neutrons. By using the 
electromagnetic technique, A. O. Nier 
at the University of Minnesota, and 
K. H. Kingdon and H. C. Pollock, at 
the Genera) Electric Laboratories, 
Schenectady, New York, were able in 
1940 to obtain sufficient. uranium-235 
to provide the answer to a vital prob- 
lem in connection with the utilization 
of nuclear energy (§ 13.51). 

6.93. The advantage of the electro- 
magnetic method is that it is capable 
of giving large separation factors, but 
the quantities of separated isotopes 
collected are small, Strong beams of 
positive ions which are to be deviated 
in the magnetic field are difficult to 


produce and to manipulate, and the | 


separation efficiency tends to diminish 
as the strength of the ion beam in- 
creases. It appeared, therefore, that 
an improvement in the amount of 
material handled by the apparatus 
could be achieved only at the expense 
of its efficiency. Consequently, when 
in 1940 the U. S. National Defense 
Research Council decided to investi- 
gate the feasibility of separating the 
isotopes of uranjum, the electromag- 
netic method was rejected as imprac- 
tical. In this connection, the Smyth 
Report states: "[H. D.] Smyth of 
Princeton had raised the question of 
possible large-scale separation of iso- 
topes by electromagnetic means but 
had been told that it had been inves- 
tigated and was considered impossible. 


* The a was called a 


because it made use of the magnet from one of the University of California 
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Nevertheless, Smyth and [E. O.] Law- 
rence at a chance meeting in October 
1941 discussed the problem and agreed 
that it might yet be possible.” 

6.94. At the time there was a great 
need for samples of relatively pure 
uranium-235 for experimental pur- 
poses, and E. O. Lawrence (8 9.25), of 
the University of California, thought 
that this could be most readily ob- 
tained by the use of the electromag- 
netic separation procedure. Therefore, 
toward the end of 1941, he and his 
associates set out to improve the design 
of the apparatus, devoting particular 
attention to methods for increasing the 
strength of the ion beam without im- 
pairing too seriously the efficiency of 
isotopic separation.* 

6.95. The work proved so successful 
that, in spite of its apparent initial 
lack of promise, it was decided in 
September 1942 to build a large plant 
at Oak Ridge, Tennessee, consisting of 
a number of entirely independent units, 
for the electromagnetic separation of 
the isotopes of uranium. Subsequently, 
the yield of uranium-235 was consid- 
erably improved by using as feed mate- 
rial a compound of uranium which had 
been partly enriched in the 235 iso- 
tope by the thermal diffusion method 
to be described below (§ 6.102). Since 
the positive-ion beam consists of the 
unwanted uranium-238, as well as the 
wanted uranium-235, it is evident that 
for a given strength of the total ion 
current, the number of uranium-235 
ions, and hence the quantity of this 
isotope collected, will increase as its 
abundance in the system is increased. 

6.96. The type of electromagnetic 
unit at present in use, in the United 
States (at Oak Ridge) and in other 
countries, for the separation of the iso- 
topes of elements other than uranium 
"California University cyclotron,” 
cyclotrons ($ 9.44). 
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is essentially equivalent to the Demp- 
ster mass spectrometer described in 
(§ 6.51). A stream of electrons, emitted 
from an electrically heated wire, passes 
through the vapor of a suitable vol- 
atile compound of the element whose 
isotopes are to be separated. A beam 
of positively charged ions thus pro- 
duced at the ion source A (lig. 6.8) 


HEAVIER 


Fic. 6.8. Separation of isotopes by the 
electromagnetic method. 


passes through slits in the plates PP; 
here they are accelerated by an elec- 
tric potential V applied between these 
plates. The ion, beam then enters a 
Magnetic field of strength B, acting in 
a direction perpendicular to the plane 
of the diagram, so that the beam is 
bent through a semicircle. The actual 
path of the positively charged particles 
depends on their masses, in accord- 
ance with équation (6.9), i.e., 


e Ww 
Hence, for a given electric and mag- 
Netic field, the square of the radius of 


„the path is proportional to the mass of 


the particle. By placing collecting 
Pockets in the proper positions, as 
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calculated from this equatiop, the dif- 
ferent isotopes of a given element can 
be separated. Although two such pock- 
ets are shown in the figure, three, four, 
or more can be used when necessary 
permitting several isotopes of the ele- 
ments to be collected simultaneously. 
6.97. In order that the same appa- 
ratus may be easily adaptable to the 
separation of light isotopes, such as 
those of lithium, mass nuribers 6 and 
7, as well as of heavy isotopes, like 
those of lead, mass numbers 204, 206, 
207, and 208, the positions of the 
ion source and the receivers are not 
changed; that is to say, the radii of the 
paths are kept approximately con- 
stant, but the magnetic field is altered 
as required. Since, by the equation 
given above, the mass m of the positive 
particles is proportional tc B?, ie, 
to the square of the magnetic field 
strength, for a given path radius, it* 
follows that a six-fold increase in the 
field strength will permit a 36-fold 
inerease in the mass of the isotopes 
that can be accommodated. The fine 
adjustment that may be necessary to 
bring the ion beams exactly on to the 
receiver, with its properly spaced pock- 
ets, is made by changing the accel- 
erating voltage V. In this manner, 
elements covering a large range of 
masses can be readily handled in any 
one electromagnetic unit, if required. 


Tur CENTRIFUGAL METHOD 


6.98. The gravitational force acting 
on a particle is proportional to its 
mass; consequently, under the influ- 
ence of gravity there is a partial sep- 
aration of the gases of the atmosphere, 
the lighter molecules tending to stay 
in the upper levels while the heavier 
ones concentrate in the lower levels. 
This accounts for the fact that at great 
heights there is more hydrogen and 
helium, which are the lightest constit- 
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uents of the atmosphere, than at the 
surface of the earth. The suggestion 
that this principle might be applied to 
the separation of isotopic molecules, 
with different masses, was made by 
F. A. Lindemann and F. W. Aston in 
England in 1919. They showed that ap- 
preciable separation could be achieved 
by the use of a centrifuge, for this 
would provide a force analogous to 
gravity, but much more powerful. The 
theory of the subject was further exam- 
ined in 1922 by R. S. Mulliken, in the 
United States, who proposed an im- 
proved procedure which, making use 
of combined centrifugal force and evap- 
oration, would give better results than 
the former alone. 

6.99. The basis of the centrifugal 
method of separating isotopes is that 
if a gas.or vapor flows into a rapidly 
rotating cylinder the force acting on 
the molecules will produce an increased 
concentration of the heavier isotope at 
the walls, while the lighter isotope 
tends to collect nearer the axis of rota- 
tion. If the centrifuge is vertical, a 
current of vapor can be made to flow 
down near the walls and up around 
the central axis. It should then be pos- 
sible to draw off a product richer in the 
lighter isotopic species at the top of 
the apparatus, near the center, whereas 
the heavier species would be removed 
at the bottom near the periphery. 

6.100. .A particularly important fea- 
ture of the centrifugal method is that 
the separation factor depends on the 
difference between the masses of the 
two isotopic elements, and not on their 
ratio. Thus, better separation should 
be obtainable, in principle, of the 235 
and 238 isotopes of uranium than of 
the isotopes of hydrogen, with masses 
of 1 and 2, respectively. Further, since 
the difference in the atomic masses is 
always the same for a given element, 
the: efficiency is independent of the 


Sourcebook on Atomic Energy 


Chap. 6 


molecular weight of the compound 
whose vapor is being centrifuged. 
6.101. The earliest attempts to make 
use of this principle for the separation 
of isotopes failed, probably because 
the speeds of rotation of the centri- 
fuges were not high enough. But in 
1939, J. W. Beams, and others, in the 
United States, using the high-speed 
centrifuge, which he had developed, 
and which produced a force of several 
hundred thousand times that of grav- 
ity, obtained appreciable separation 
of the isotopes of chlorine, in carbon 
tetrachloride, and of bromine, in ethyl 
bromide. Since the mass numbers of 
the two isotopes of uranium differ by 
three units, the centrifugal method 
seemed to offer an especially attractive 
possibility for the separation of ura- 
nium-235. A pilot plant for this pur- 
pose was constructed during the war, 
and although it operated successfully, 
large-scale production by the centrif- 
ugal method was not attempted be- 
cause, as the Smyth Report says, ‘‘of 
the magnitude of the engineering prob- 
lems involved." Nevertheless, interest 
in the gas centrifuge has persisted be- 
cause of the inherent advantages of 
this procedure for the separation of 
isotopes, not necessarily. those of ura- 
nium. It is known that research on 
centrifuge design is being done in the 
United States and abroad, especially: 
in West Germany and the Netherlands. 


Tue TuERMAL-DiFFUSION METHOD 


6.102. Another plant for the sepa- 
ration of isotopes of uranium, which 
functioned for some time as a source of 
feed material for the electromagnetic 
plant, described in $ 6.95, made use of 
the thermal-diffusion principle. The 
mathematical theory, which is appli- 
cable to any mixture of gases of differ- 
ent molecular weights, was worked out 
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between the years 1911 and 1919 by 
D. Enskog in Sweden and by S. Chap- 
man in England; later, in 1922, the 
possible applieation to the separation 
of isotopes was examined by R. S. 
Mulliken in the United States. 

6.103. The general idea is that if a 
gaseous mixture of isotopes is placed 
in a vessel, part of which is hotter than 
the remainder, the lighter molecules 
should tend to concentrate in the 
regions of higher temperature. The 
experimental results were, at first, not 
very promising, but in 1938 the Ger- 
man scientists K. Clusius and G. 
Dickel introduced a simple modifica- 
tion which gave a very decided increase 
in efficiency of the thermal-diffusion 
procedure. Their apparatus consisted 
of a long, vertical tube with a central 
wire which could be heated electrically 
to about 500°C or more, thus produc- 
ing a temperature gradient between 
the hot wire and the colder wall of the 
tube. The gas containing the isotopes 
to be separated is placed in the tube 
and, as a result of thermal diffusion, 
the lighter molecules collect near the 
hot wire, whereas the heavier ones pre- 
fer to stay nearer the cold wall. At the 
same time, however, thermal convec- 
tion causes the hotter gas in the center 
to rise and the colder gas at the wall to 
sink, so that there is a steady flow of 
gàs, up at the center and down at the 
sides of the tube This continuous 
Streaming of the gas, together with the 
influence of thermal diffusion, results 
in a concentration of the heavier iso- 
topic species at the bottom of the tube, 
while the lighter constituent accumu- 
lates at the top. In this manner, Clusius 
and Dickel were able to make rapid 
and effective separations of the iso- 
topes of chlorine and neon. Other 
Workers, both in the United States and 
in Europe, have applied the method to 
the elements carbon (in methane), 
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nitrogen, oxygen, neon, argon, kryp- 
ton, and xenon. 

6.104. Soon after the discovery of 
the combined thermal-diffusion and 
convection principles for separating 
gaseous isotopes, it was found that the 
method could be used for substances 
in solution and also for pure liquids. 
In 1940, P. H. Abelson, in the United 
States, suggested applying the proce- 
dure to liquid uranium hexafluoride 
for the purpose of separating the iso- 
topes of uranium. After considerable 
experimental work had proved the 
feasibility of the method, a large-scale 
thermal-diffusion plant was built at 
Oak Ridge in the summer of 1944, its 
output, partially enriched in uranium- 
235, being used as feed material in 
the electromagnetic separation process. 
“In spite of some disappointments,” 
wrote H. D. Smyth, “operation of this 
plant . . . succeeded in its purpose of 
considerably inereasing the production 
rate of the electromagnetie plant.” 
One of the principal drawbacks was 
its great power consumption, and so, 
when the gaseous diffusion procedure 
(86.83) proved so efficient, and the 
electromagnetic separation became less 
important, the thermal-diffusion plant 
was closed down. Nevertheless, for 
isotope enrichment on the laboratory 
scale, it appears that the thermal- 
diffusion method has advantages over 
others, because of its simplicity, effi- 
ciency, and wide applicability. 


DisriLLATION METHODS 


6.105. As a general rule, isotopic 
species have different vapor pressures 
(and boiling points), so that partial 
separation by fractional ‘distillation 
should be a possibility. Aston’s first 
attempt to separate the isotopes of 
neon was made by fractional distilla- 
tion but, as stated in § 6.36, his efforts 
met with failure. Subsequently," in 
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1919, F. A. Lindemann, in England, 
showed theoretically that separation 
of isotopes by distillation should be 
realized in certain circumstances, and 
in the following year J. N. Brgnsted 
and G. Hevesy, in Denmark, achieved 
a slight enrichment of the isotopes of 
mercury by utilizing a form of distil- 
lation under reduced. pressure. The 
same technique was also applied to ob- 
tain a partial separation of the isotopes 
of chlorine, zinc, and potassium. In 
1931, W. H. Keesom and H. van Dijk, 
of Holland, reported the successful 
separation of the isotopes of neon by 
distillation, although Aston had failed 
in his attempts. And, in the same year, 
H. C. Urey and his collaborators were 
able to concentrate the heavier isotope 
of hydrogen, as recorded in § 6.68, by 
an evaporation procedure which is 
analogous to distillation. Apart from 
the difficulties of operating at very 
low temperatures (about —250°C), 
fractional distillation would be the 
most efficient method of separating the 
isotopes of hydrogen. A plant foy the 
large-scale production of deuterium by 
this method was designed in the 
United States but it was not con- 
structed. It is reported, however, that 
such a plant is in operation in France. 

6.106. It was seen in § 6.73 that the 
boiling point of heavy. water (D;O) is 
about 1.4°C higher than that of or- 
dinary water (H;O). This difference, 
although small, should make separa- 
tion by distillation practical, provided 
an efficient fractionation column were 
used. Some success was reported in the 
United States by G. N. Lewis and 
R. E. Cornish in 1933, but the distil- 
lation methód of separating the iso- 
topes of hydrogen did not attract any. 
great interest, because the relatively 
small amounts of heavy water or heavy 
hydrogen (deuterium) gas required for 
experimental purposes could be ob- 
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tained much more readily by the elec- 
trolytic ($6.71) or by the gaseous 
diffusion (8 6.78) process. But, in 1943, 
when it appeared that large quantities 
of heavy water might be needed in 
connection with the utilization of 
atomic energy for military purposes 
(§ 14.28), a plant was built for the 
partial concentration of the heavier 
isotopic form by the distillation of 
ordinary water. Final enrichment was 
then achieved by electrolysis (§ 6.109). 

6.107. In addition to the hydrogen 
isotopes, molecules are present in water 
which differ in the oxygen isotopes; 
thus, about 0.2 percent of ordinary 
water consists of H:O molecules con- 
taining oxygen-18. The boiling point 
of this isotopic species is slightly higher 
than that of the predominant form, 
with oxygen-16, and hence partial en- 
richment of the heavier isotopic form 
should be possible by fractional distil- 
lation. This expectation was verified, 
in the years from 1935 to 1937, by 
workers in Canada, the United States, 
and England. Water significantly en- 
riched in either oxygen-17 or oxygen-18 
is being produced currently, for re- 
search purposes, at Oak Ridge National 
Laboratory and probably elsewhere, 
by the distillation of water. The 
product is, of course, also somewhat 
enriched in deuterium. 

6.108. Advantage is being taken at 
the Los Alamos Scientific Laboratory 
of the exceptionally large differences in 
the vapor pressure (or boiling points) 
of the isotopic forms of nitric oxide 
(NO) to-separate the isotopes of both 
nitrogen and oxygen. Liquid nitric 
oxide is subjected to fractional distilla- 
tion at the low temperature of — 150°C. 
A distillate of high boiling point can 
be obtained with up to 99 percent of 
oxygen-18 and nitrogen-15; the in- 
dividual elements can be separated by 
chemical conversion of the nitric oxide 
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into water (H:O) and ammonia 
(8NH;). Nitric oxide enriched up to 
the extent of 40 percent in oxygen-17 
is produced as an intermediate fraction. 


Tue ELECTROLYTIC METHOD 


6.109. As stated in $ 6.71, electrol- 
ysis of aqueous solutions results in 
preferential evolution of the lighter 
isotope of hydrogen, so that the deu- 
terium concentrates in the residual 
water. The electrolyte generally em- 
ployed is potassium hydroxide, and al- 
most any electrodes, provided they do 
not dissolve, can be used. Nickel is a 
convenient material for this purpose. 
Separation factors of 6 or higher are 
readily. obtainable, and concentration 
of the deuterium from its initial value 
of 0.015 percent, in ordinary water, 
up to 99.9 percent in the product, is 
within the realm of possibility. The 
current consumption is, however, very 
large, 30,000 or 40,000 amperc-hours 
being required to yield one gram of 
heavy water. It is for this reason that 
large-scale plants for the production of 
heavy water by the electrolytic method 
were erected in Norway, where electric 
power is relatively cheap. During the 
war the plants fell into enemy hands, 
and so became the object of several 
attacks from the air. The purpose of 
these attacks was to interfere with 
experimental work by German scien- 
tists on the development of atomic 
Care in which heavy water could be 
u 


6.110. Although; in principle, the 
electrolytic method involves continued 
decomposition of the water by the 
electric current until only a very small 
fraction of the original amount re- 
mains, this simple procedure would be 
very impractical. For one thing, the 
dissolved electrolyte, potassium hy- 
droxide, for example, would become 
More and more concentrated as the 


electrolysis proceeded, and for another, 
the hydrogen gas liberated toward the 
end would contain so much deuterium 
that it could not be wasted. It is the 
practice, therefore, to carry out the 
electrolysis in stages. When the volume 
of water has been reduced to about 
one tenth, the residue is treated with 
carbon dioxide to neutralize the potas- 
sium hydroxide and then the enriched 
water is distilled off. The distillate 
goes on to the next stage of electrolysis 
where the same procedure is repeated. 
The hydrogen gas evolved in the later 
stages, and which contains a high pro- 
portion of deuterium, is burnt in oxy- 
gen to form water; this is condensed 
and returned to the electrolytic cells. 
Heavy water of a high degree of purity 
has been obtained by electrolysis start- 
ing with ordinary water, but the proc- 
ess is most economical if used in the 
final stages of concentration, with par- 
tial enrichment achieved in other ways 
(§ 6.121). 

6.111. During electrolysis hydrogen 
gas is given off at the negative elec- 
trode (cathode), and oxygen gas at 
the positive electrode (anode). Just as 
there is a preferential evolution of the 
lighter isotope at the cathode, there 
should be a somewhat similar behavior 
at the anode leading to an enrichment 
of oxygen-18 in the residue. The sep- 
aration factor is, however, little differ- 
ent from unity, and although the en- 
richment effect has been confirmed 
experimentally, it is very small. Elec- 
trolysis of lithium salts, using a mer- 
eury cathode to collect the lithium 
metal, has also led to a partial sepa- 
ration of the isotopes of this element. 


CHEMICAL EXCHANGE METHODS 


6.112. All the methods described 
above for the separation of isotopes, 
with the possible exception of the elec- 
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trolytic procedure. depend on differ- 
ences in physical properties deter- 
mined by the masses of the isotopic 
species. The discovery of the different 
reactivities of the isotopes of hydro- 
gen, as described in § 6.75, encouraged 
Urey and his students, between 1935 
and 1940, to investigate, both theoret- 
ically and experimentally, the isotopic 
exchange reactions of other elements 
with a view to their use in the separa- 
tion of isotopes. These efforts met with 
remarkable success, and appreciable 
quantities of compounds enriched in 
carbon-13 ‘and nitrogen-15, respec- 
tively, were made in the laboratories 
of Columbia University before the 
work was taken over by commercial 
organizations.* 

6.113. The method used with nitro- 
gen, for example, was to allow equilib- 
rium to be established between the 14 
and 15 isotopes of nitrogen in a system 
consisting of ammonia (NH;) gas and 
ammonium (NH,*) ions. This was 
achieved by passing the gas up a col- 
umn down which flowed a concentrated 
solution of ammonium nitrate. As a 
result of the isotopic exchange reac- 
tion, the heavy isotope (nitrogen-15) 
tends to concentrate in the ammonium 
ion in solution, whereas the ammonia 
gas contains relatively more of the un- 
wanted lighter isotope. Part of the 
ammonium nitrate solution withdrawn 
at the bottom of the column is heated 
with sodium hydroxide, and this con- 
verts the ammonium ion into ammonia 
gas enriched in nitrogen-15. The result- 
ing gas is then reprocessed with the 
remaining portion of the ammonium 
nitrate solution, thus obtaining further 
enrichment. Urey and his coworkers 
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used a cascade system of three col- 
umns, operating on the countercurrent 
principle, the ammonium nitrate solu- 
tion flowing downward and the ammo- 
nia gas upward. In this manner, they 
succeeded in increasing the abundance 
of the nitrogen-15 isotope to more 
than 70 percent, as compared with the 
normal 0.38 percent, in spite of the 
relatively low separation factor of 
1.023. 

6.114. Apart from its use as an iso- 
topic tracer (Chapter 17), interest has 
developed in nitrogen-15 because it 
captures neutrons to a negligible ex- 
tent, whereas the probability of cap- 
ture by the more abundant nitrogen-14 
is considerable. In certain nuclear reac- 
tor applications (Chapter 15), it might 
be desirable to employ solutions of 
nitrates, but this is not practical if the 
salt contains ordinary nitrogen. If the 
element were largely present as nitro- 
gen-15, however, the situation would 
be very different. A chemical exchange 
method based on ammonia gas and a 
solution of ammonium carbonate has 
some advantages for the large-scale 
enrichment of nitrogen-15. 

6.115. The chemical isotopic ex- 
change procedure has also been used 
to concentrate carbon-13 from its nor- 
mal proportion of 1.1 percent to 22 
percent, by means,of an isotopic ex- 
change reaction between gaseous hy- 
drogen cyanide. (HCN) and the cy- 
anide (CN-) ion in sodium cyanide 
solution. In this case, however, the 
heavier carbon isotope concentrates in 
the gas phase, and the desired product 
is withdrawn at the top of the column.f 
Some changes in the design of the 
apparatus are necessary but the prin- 


topic exchange reactions probably account for the small variations in the isotopic 
compositions of some of the lighter’ elements, such as i 


carbon and oxygen, in nature; thus, 


atmospheric oxygen contains 3 percent, more of the 18 isotope than does oxygen from Lake 
Michigan water, and 2.5 percent more than that from ocean water, 
There is a simultaneous alteration in the proportion of the nitrogen isotopes, but this 


has been found to be very small. 


Isotopes 


ciple is essentially the same as described 
for nitrogen. 

6.116. As cyanides are poisonous, 
and consequently not too satisfactory 
for large-scale operation, an alterna- 
tive process has been devised involving 
exchange of the carbon isotopes be- 


` tween carbon dioxide (COz) gas and 


the bicarbonate (HCO;-) ion, in am- 
monium bicarbonate solution. The at- 
tainment of equilibrium is accelerated 
by means of a catalyst, and excess of 
the carbon-13 isotope is then found to 
be present in the bicarbonate solution. 

6.117. Other instances of isotopic 
enrichment, by methods which utilize 
differences of reaction rates have been 


. reported. But it is only for the lighter 


elements that the procedure holds any 
promise at the present time. As the 
mass number increases, the difference 
in the rates at which the isotopic 
species undergo exchange reactions be- 
comes very small, and the separation 
factor is then very close to unity. So 
far, sulfur-34 is the heaviest nuclide 
which has been concentrated by the 
isotopic exchange method, although 
there is little doubt that if it became 
necessary enrichment of even heavier 
isotopes could be achieved. 


LARGE-SCALE PRODUCTION 
or Heavy WATER 


, 6.118. It was recorded in § 6.75 that 
in the isotopic exchange reaction be- 
tween hydrogen gas and liquid water, 
the proportion of deuterium in the 
water is about three times as great as 
it is in the gas phase, when equilibrium 
is attained. In other words, the hy- 
drogen-deuterium separation factor 
has the relatively high value of 3; con- 
Sequently, appreciable enrichment of 
the heavy isotope should be possible 
by utilizing this reaction. One of the 
difficulties, however, is that the equi- 
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librium is established slowly, and hence 
a catalyst is necessary in order to ex- 
pedite the process. 

6.119. During World War II, the 
hydrogen-water exchange reaction was 
employed in Canada for the first stage 
in the production of heavy water on a 
large scale. The method used was to 
pass a mixture of hydrogen gas and 
steam upward through a tower con- 
taining the catalyst, while liquid water 
flowed downward. In the presence of 


-the catalyst, a rapid isotopic exchange 


reaction took place between the hy- 
drogen and the water molecules in the 
steam, with the result that the deute- 
rium concentrated in the latter as 
deuterium oxide, i.e., heavy water, 
molecules. The steam was condensed, 
and hence carried downward, by the 
flow of liquid water; the water emerg- 
ing at the bottom of the tower was 
thus considerably enriched in the heav- 
ier isotopic form. Using a number of 
towers in cascade, in a manner similar 
to that outlined earlier, a product was 
obtained with a significant concentra- 
tion of heavy water. Final concentra- 
tion was then attained: by electrolysis. 

6.120. With the development of nu- 
clear reactors in which heavy water is 
an ifnportant component (Chapter 15), 
considerable effort has been devoted to 
the production of this material at a 
reasonable cost. One of the most suc- 
cessful methods utilizes as the first 
stage the isotopic exchange reaction 
between liquid water and hydrogen 
sulfide gas. The equilibrium, which is 
established rapidly without the use of 
a catalyst, may be represented by 


H30 (1) + Ds (g) = D:0 (D) + HS (g), 


with the deuterium tending to concen- 
trate in the liquid (water) phase. The 
dual-temperature process is based on 
the fact that at lower temperatures 
{about 25°C) the liquid contains rel- 


p^ 
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atively more deuterium than at higher 
temperatures (100°C). 

6.121. Water is first enriched in 
deuterium by interaction in a tower 
at the lower temperature with hydro- 
gen sulfide with its normal content of 
deuterium. Part of the enriched water 
is removed as the product, and the re- 
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other impoverished in this isotope, 
whereas the hydrogen sulfide gas is 
restored (approximately) to its original 
composition. The depleted (or stripped) 
water may be discarded and the en- 
riched water put through the process 
again, in a cascade system, to enrich 
it still further in deuterium (Fig. 6.9). 


Fic. 6.9. Heavy-water production plant at Aiken, South Carolina. (E. I. duPont 
de Nemours and Co., Inc.) * 


mainder is sent to a hot tower where 
much of its deuterium is transferred 
back to the depleted hydrogen sulfide 
from the first tower. The hydrogen sul- 
fide thus acts as a sort of carrier for 
deuterium, giving it up to the water at 
the lowér temperature and regaining 
it at the higher temperature. The over- 
all result is that the water has been 
divided into two parts: one enriched 
in deuterium (heavy water) and the 


6.122. After a certain concentration 
of heavy water is attained, the dual- 
temperature chemical exchange proc- 
ess is not economical. The product is 
then transferred to a distillation plant 
for further enrichment by fractional 
distillation of the water. In the final 
stage, the production of 99.75 percent 
deuterium oxide, i.e., almost pure 
heavy water, is attained by the process 
of electrolysis. 
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Chapter 7 


DETECTION AND MEASUREMENT OF RADIATION 
BY GAS IONIZATION 


SPzciric IONIZATION 


7.1. Some of the most useful proce- 
dures for the detection and measure- 
ment of alpha and beta particles, and 
also of gamma-ray photons, are based 
on Becquerel’s discovery (§ 2.100) that 
gases become electrical conductors, 
that is to say, they are ionized, as the 
result of exposure to radiations from 
radioactive substances. As seen in 
§ 5.3, this fact was utilized by Madame 
Curie in her comparison of the radio- 
activities of various materials con- 
taining uranium. The fundamental 
principles were investigated in J. J. 
Thomson’s laboratory in Cambridge, 
England, by J. S. Townsend ($2.31) 
in the closing years of the 19th century, 
but it is only in relatively recent times 
that they have been utilized in a wide 
variety of counters and detectors of 
radiations. It will be apparent in due 
course that radioactive radiations orig- 
inate in the respective atomic nuclei 
and so they are referred to as nuc’ear 
radiations. They are also called ionizing 
radiations because they are capable of 
eausing ionization, either directly or 
indirectly. 


7.2. Since there is a strong electric 
field in its immediate neighborhood, & 
rapidly moving charged particle, such 
as an alpha or beta particle,* has the 
ability to eject orbital electrons from 
the atoms or molecules of a gas through 
which it passes, thus converting them 
into positive ions. The expelled elec- 
trons usually remain free for some 
time, although a few may attach them- 
selves to other atoms or molecules to 
form negative ions. Thus, the passage 
of a charged particle through a gas 
results in the formation of a number 
of ion-pairs consisting mainly of pos- 
itive ions and free electrons ($ 4.31). 

7.3. The intensity of the ionization 
produced by a moving charged particle 
in its path through a gas is expressed 
by the specific ionization; this is the 
number of ion-pairs formed per centi- 
meter of path. For particles of the 
same mass and energy (or velocity) 
the specific ionization increases with 
the magnitude of the charge, and for 
particles of the same energy and charge 
it increases with the mass, that is, with 
decreasing speed (cf. $ 2.111 footnote). 
The more slowly moving particle 


* The term bets particle includes both positive and negative electrons. 
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spends more time in the vicinity of an 
atom or molecule of the gas through 
which it passes, and so the chances of 
ionization occurring are thereby in- 
creased. 

7.4. Alpha particles from radioactive 
sources produce 50,000 to 100,000 ion- 
pairs per cm of ordinary air, whereas 
beta particles of similar energy, having 
a higher speed and smaller charge, 
would leave no more than a few hun- 


' dred ion-pairs per cm. However, since 


the total path of the beta particle would 
be of the order of a hundred times that 
of the alpha particle, the difference in 
total ionization would not be very 
great. Actually, the total number of 
ion-pairs produced by a charged parti- 
cle is determined largely by its energy, 
since an approximately constant 
amount is lost for each ion-pair formed. 
For air at standard temperature and 
pressure the formation of a single ion- 
pair requires the expenditure of about 
34 electron volts (§ 3.33) of energy by 
the moving charged particle. 

7.5. Gamma rays and similarelectro- 
magnetic radiations, e.g., X-rays, are 
also capable of ionizing gases, but they 
do so almost entirely in an indirect 
manner. Photons (§ 3.34) of such radi- 
ations are able to eject a relatively 
small number of electrons from the 
atoms or molecules of the gas through 
which they pass. These secondary elec- 
irons have appreciable velocities and 
can consequently produce many ion- 
pairs in their paths. The specific ioni- 
zation of the gamma radiation thus 
depends on the energy of the expelled 
electrons. 


BEHAVIOR or Ion-Parrs IN 
ELECTRIC FIELDS 


7.6. Quantitative measurements of 
nuclear radiations are based on the 
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counting of individual particles, as well 
as on the determination of the total 
radiation received in a given interval 
of time. For these purposes, instruments 
have been developed in which the 
positive and negative ions formed by 
the ionizing radiations are driven 
toward the collecting electrodes by 
means of an applied electrical potential 
under various conditions. In order to 
understand the behavior of the ions in 
these circumstances, it is convenient 
to consider an apparatus consisting of 
a vessel, containing a gas, e.g., air, in 
which are fixed two parallel metal 
plates to act as electrodes, as shown 
at A in Fig. 7.1. The electrodes are 


Fig. 7.1. Schematic representation of ap- 
paratus used to study behavior of ion-pairs 
in an electric field. 


connected to a battery B, so that the 
voltage can be increased steadily from 
zero to high values, and also to an 
instrument C capable of measuring 
electric current. 

7.7. Normally, the air in the vessel 
does not conduct electricity," and no 
current will be observed in the instru- 
ment C until the voltage becomes high 
enough—several thousand volts—to 
permit a spark to pass between the 
electrodes. Suppose now a single alpha 
or beta particle, or, in fact, any joniz- 
ing radiation, is permitted to enter the 
vessel A, while a small electrical poten- 
tial is applied to the plates by the 


mie rays (Chapter dA other extraneous radiations cause some ionization the 


* Cosmic 
effect of which is neglected 


battery B. A number of ion-pairs will 
be produced, and the applied potential 
will cause the positive ions to travel 
toward one electrode and the negative 
electrons (or ions) toward the other 
electrode. As a result, charges will 
collect on the electrodes, and the in- 
strument C will indicate a pulse of 
electric current. 

7.8. The magnitude of the charge 
collected and, hence, the size of the 
current pulse will depend on two fac- 
tors in particular. These are (1) the 
number of initial (or primary) ion-pairs 
produced between the electrodes by 
the ionizing particles or radiation and 
(2) the applied voltage. The general 
nature of the results is indicated in 
Fig. 7.2, in which the size of the current 


& 
E] 
1 
$ 
R 
$ 


APPLIED VOLTAGE 
Fia. 7.2. Variation with applied voltage 
of size of current pulse due to an ionizing 
particle. 


pulse, for a given number of ion-pairs, 
is shown on a logarithmic scale asa 
function of the applied voltage. Curve 
B refers to a case in which the radi- 
tion produces 10 primary ion-pairs 
(log 10 = 1) and curve A to one in 
which 1000 ion-pairs (log 1000 = 3) 
are formed. 

7.9. An examination of Fig. 7.2 
shows that the curve can be divided 


into six more or less distinct Tegions, - 
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marked I to VI. Three of these regions, 
namely II, III, and V, are made use of 
in various types of instruments for the 
measurement. of ionizing radiations. 
In region I the size of the electrical 
pulse produced by a single alpha or 
beta particle increases with the applied 
voltage, but it attains a constant value 
in region II. In region III, the pulse 
size commences to increase again with 
increasing voltage, and this behavior 
continues through regions IV, V, and 
VI. It will be noted that in regions IT 
and III there is a constant vertical 
separation, equal to two logarithm 
units, between curves A and B. This 
means that the current pulse size in 
both regions is proportional (or equal) 
to the number of initial ion-pairs; in 
region II the pulse size is independent 
of the voltage, but in region III it 
increases with the voltage. In region V, 
the curves A and B coincide, so that 
the pulse size, for a given voltage, is 
the same regardless of the number of 
ion-pairs initially produced between 
the electrodes. The explanation, of the 
foregoing facts and their application 
to the measurement of nuclear radi- 
ations are given below. 


Tue IONIZATION CHAMBER 


7.10. When the applied electrical 
potential is small, the charged particles 
constituting the ion-pairs move slowly 
toward the respective electrodes, with 
the result that there is ample time for 
many to recombine, i.e., positive ions 
and negative electrons meet and neu- 
tralize each other. The size of the 
current pulse registered will conse- 
quently be less than if all the ion-pairs 
originally formed succeeded in reaching 
the electrodes. As the voltage between 
the plates is increased, the charged 
particles travel faster; hence, the num- 
ber of recombinations is diminished 
and the pulse size is increased. Ulti- 
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mately a point is reached, at the begin- 
ning of region II, when the charged 
particles move to the electrodes so 
rapidly that virtually every ion-pair 
produced by the alpha or beta particle 
reaches the electrodes. Since a furthet 
increase in the potential cannot cause 
any increase in the number of ion-pairs, 
the size of the current pulse remains 
unchanged throughout region II. The 
actual voltage range over which the 
pulse size is constant depends on many 
factors, such as the nature and pressure 
of the gas, the spacing and shape of the 
electrodes, and so on, but it is roughly 
between 100 and 400 volts. 

7.11. The conditions existing in re- 
gion IT are those which are employed 
in the ionization chamber method for 
the measurement of alpha and beta 
particles and also of gemma and 
X-rays. It can also be adapted for use 
with neutrons (§ 11.28). Simple forms 
of the ionization chamber method were 
employed by Madame Curie (1898) 
and by Rutherford (1900) in some of 
the earliest quantitative studies of 
radioactivity (Chapter 5). The cham- 
ber itself is made of metal, and the 
electrodes, which are insulated from 
the walls, may be parallel (Fig. 7.1). 
Alternatively, a cylindrical chamber, 
the walls of which act as one electrode, 
may be used together with a thin metal 
rod or wire as the other electrode. The 
nature of the gas in the chamber de- 
pends on the particular putpose in- 
tended for the instrument; it may be 
air, carbon dioxide, nitrogen, argon, or 
methane, among others. The battery 
voltage is adjusted so that the condi- 
tions correspond approximately to the 
middle of region II; a small change in 
ihe voltage will then not affect the 
current pulse size. This represents one 
of the advantages of operating a radi- 
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ation detector in the ionization cham- 
ber region II. 

7.12. Ionization chamber instru- 


ments fall into two broad categories: 
the nonintegrating (or pulse) type, in 
which each particle capable of causing 
ionization is recorded separately, and 
the integrating type, in which the cur- 
rent pulses are not separated. In the 
latter there is a continuous accumula- 
tion of charge leading, according to 
circumstances, to either a steady de- 
crease in the potential difference be- 
tween the electrodes or to a relatively 
steady flow of electric current. The 
basic difference between the two types 
of instrument lies in the value of the 
time constant* (or response time) of 
the system relative to the frequency 
of arrival of the ionizing particles. If 
the time constant is short, each pulse 
produced by an ionizing particle can 
be detected separately and counted. 
The requirement of a pulse-counting 
ionization chamber is, therefore, a de- 
tecting circuit with a very short time 
constant. On the other hand, a cham- 
ber of the integrating type must have 
a relatively long response time. 

7.13. A simplified ‘schematic ar- 
rangement of an ionization-chamber 
circuit is shown in Fig. 7.3. The central 
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Fic. 7.3. Simplified schematic circuit for 
ionization chamber particle counter. 


electrode is connected to a suitable 
vacuum-tube or solid-state (transistor) 


* The time constant (RC) is effectively equal to the product of the resistance (R) and 
circuit. 


the capacitance (C) of the detecting 
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amplifier, so that the pulses are ampli- 
fied and modified before going to a 
counting instrument, as described be- 
low. In principle, a pulse counter of 
this type could be used for any ionizing 
particles or radiation, but it lends itself 
particularly to the counting of alpha 
particles and protons (and neutrons). 
In the ionization-chamber region II 
(Fig. 7.2), the amount of charge col- 
lected on the electrodes, which deter- 
mines the pulse size, is equal to the 
total charge on the ion-pairs produced 
by the entering particle. Thus, the 
pulse size depends on the product of 
the specific ionization, i.e., number of 
ion-pairs per unit distance, and the 
distance between the electrodes. Since 
alpha particles (and protons) have a 
high specific ionization and a short 
range, they will produce large pulses 
even in a small chamber. Because of 
the low specific ionization, counting of 
pulses due to beta particles and gamma 
rays, however, would require chambers 
of large size, as well as considerable 
external amplification. 

7.14. The method described above is 
thus especially useful for counting 
alpha particles in the presence of beta 
and gamma radiations. For this pur- 
pose, & chamber with parallel-plate 
electrodes may be employed, the plates 
being about 1 or 2 cm apart. The out- 
put pulses are fed into an amplifier 
which is adjusted to respond only to 
the large pulses produced by alpha (or 
other highly ionizing) particles but 
not to the small pulses from beta parti- 
cles or gamma rays. The substance 
under examination can be placed on 
the lower electrode plate within the 
chamber or the active material may be 
placed outside. In the latter event the 
alpha particles are allowed to enter 
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through a “window” consisting of a 
very thin sheet of mica, nylon, or 
plastic. 

7.15. An alternative method for dis- 
tinguishing between alpha particles on 
the one hand, and beta particles, 
gamma rays, and other extraneous 
radiation on the other hand, is to use 
a simple form of pulse-height analyzer 
(8 7.42).* An instrument of this type 
consists of a number of electronic cir- 
cuits which can sort out and count 
electrical pulses according to their 
size. The small pulses produced by 
beta particles and other radiations 
with a low specific ionization can then 
be ignored. Since alpha particles from 
different sources generally have differ- 
ent energies and ranges (Chapter 8), 
they will produce different numbers of 
jon-pairs in an ionization chamber. The 
pulses will thus differ in size. Conse- 
quently, alpha particles originating 
from several radioelements in a mix- 
ture can be counted independently and 
simultaneously by means of a pulse- 
height analyzer. 

7.16. Although the amplified pulses 
from an ionization chamber have been 
transmitted to an oscilloscope and 
photographed on a moving film, it is 
the more common practice to employ 
2 mechanical counter. When the rate 
of arrival of pulses exceeds the maxi- 
mum rate of response of the counter, 
which is about 5 to 10 per second, an 
electronic device called a scaler is in- 
cluded in the measuring system. One 
form permits one pulse in every 2, 4, 
8, or 16 ete., to be recorded on the 
counter. A scale of one in 64 is quite 
common, but instruments with much 
higher scaling factors are often used, 
since a pulse chamber can respond to 
individual particles arriving at the rate 


,'In the British and Canadian literature, this instrument is sometimes referred to as a 


kicksorter. 
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of 100,000 or more per second. Scalers 
based on a-factor of 10 are also availa- 
ble. The number of pulses indicated on 
the counter, multiplied by the appro- 
priate factor of the scaler, gives the 
number of alpha particles entering the 
space between the electrodes in the 
ionization chamber. Instead of counting 
the total number of pulses, vacuum- 
tube or solid-state circuits can be used 
to record the rate at which they are 
received, i.e., the number of pulses 
arriving in a specified short time inter- 
val. The data obtained with a counting- 
rate meter of this type can be employed 
directly in the determination of half- 
lives of radioelements. 

7.17. In the integrating type of ioni- 
zation chamber, the conditions are 
such that the quantity measured is 
effectively the total ionization pro- 
duced, rather than the number of 
individual particles. Two main forms 
of the instrument have been used in 
this connection, and measurements 
can be made with alpha, as well as 


‘with beta and gamma, rays. In the 


electrostatic form, of which the gold- 
leaf electroscope, used by. Becquerel 
(8 2.100) and others, is a simple exam- 
ple, the electrodes are charged up to a 
certain electrical potential by means of 
a battery, and then the latter is re- 
moved. The instrument is 80 con- 
structed that, when charged in this 
manner, one of the electrodes, acting 
as an indicator, moves with respect to 
its discharged position. The entry of 
ionizing particles into the chamber re- 
sults in the formation of ion-pairs, 
and each of the components is at- 
iracted to the electrode of opposite 
sign. As a result the electrodes are 
discharged and the change in position 
of the indicator electrode is observed. 
The rate of movement is a direct meas- 
ure of the rate of entry of ionizing 
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radiations, and the total change in 
position of the indicator is related to 
the total amount of radiation entering 
the chamber. 

7.18. One of the simplest and gener- 
ally useful devices of the electrostatic 
type of ionization chamber is the 
quartz-fiber electroscope invented by 
C. C. Lauritsen and T. Lauritsen in the 
United States in 1937. It consists of a 
very fine metal-coated, quartz fiber, 
about 6 mm in length, parallel to a ri- 
gid horizontal metal wire to which it is 
connected. This is mounted within, 
but insulated from, a cylindrical alumi- 
num case which acts both as the ioniza- 
tion chamber and one of the electrodes. 
The system of fiber and rigid wire, 
which represents the other electrode, 
is charged with respect to the metal 
case by connecting for a short time to 
a battery of 100 to 200 volts. As a re- 
sult of the repulsion between the rigid 
metal wire and the flexible fiber, the 
latter, which acts as the indicator, is 
displaced from its normal position. 
When the electroscope is exposed to 
ionizing radiations, the charged wire 
and attached fiber collect ions which 
reduce the charge; hence the mutual 
repulsion decreases and the fiber gradu- 
ally returns to its original position. 

7.19. The rate of movement, ob- 
served by means of a microscope with 
a scale in the eyepiece, is roughly 
proportional to the rate at which the 
ions are collected, and hence to the 
rate of entry of the ionizing radiations. 
The Lauritsen electroscope is also used 
to determine the total amount of 
ionizing radiations emitted by a given 
material in a certain time. This is 
measured by the total movement of 
the flexible fiber indicator. As a general 
rule, beta and gamma rays can pene- 
trate the thin aluminum wall of the 
ionization chamber, but for beta parti- 
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cles of low penetrating power, and 
particularly for alpha particles, a thin 
“window” may be used, or the speci- 
men under examination may be placed 
within the chamber. 

7.20. In the second type of integrat- 
ing ionization chamber, which has 
found extensive use in the atomic en- 
ergy field, the circuit is based on that 
shown in Fig. 7.4. In this instrument 


IONIZATION 
CHAMBER 


Fia. 7.4. Simplified schematic circuit for 
integrating (current measuring) type of 
ionization chamber. 


the steady production of ion-pairs in 
the chamber results in a very weak, 
but continuous, flow of current through 
the resistance R. The magnitude of 
this ton current, as it is called, can be 
determined with the aid of a suitable 
. voltmeter V connected across the re- 
sistance. Alternatively, the current can 
be measured directly by means of 
a sensitive instrument. The current 
strength is directly proportional to the 
rate at which ionizing (alpha, beta, 
gamma, etc.) radiation is entering the 
ionization chamber. 

7.21. If it is required to determine 
beta radiation in the presence of alpha 
particles, the rays are permitted to 
enter the ionization chamber through 
a “window” made of a thin sheet of 
aluminum. This is sufficient to prevent 
the passage of alpha particles without 
appreciably hindering the beta radia- 
tion. Allowance must be made, how- 
ever, for gamma rays if they are pres- 
ent. Ionization chambers for gamma 
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rays usually contain a heavy gas, such 
as argon or difluorodichloromethane 
(Freon-12), often at high pressure, so 
as to facilitate the liberation, by each 
gamma-ray photon, of an electron 
capable of producing ionization. If 
alpha or beta particles are present, as 
they frequently are, they may be 
removed by means of a thin sheet of 
lead which stops these particles but 
has little influence on the gamma rays. 


PROPORTIONAL COUNTERS 


7.22. Although the ionization cham- 
ber method of measuring nuclear radi- 
ations is very simple and convenient, 
it has the disadvantage of often re- 
quiring the use of a very sensitive 
electrometer or of a powerful amplifier. 
Other ionization instruments have 
therefore been devised in which there 
is a considerable degree of internal 
amplification. It can be seen in Fig. 
7.2 that, for a given number of initial 
ion-pairs, the pulse size in region III 
is greater than in region II. In other 
words, there is a certain amount of 
internal amplification of the pulse in 
region III and this amplification in- 
creases with the applied voltage. As 
noted in §7.9, however, for a given 
voltage, the size of the current pulse 
is proportional to the initial number 
of ion-pairs produced between the 
electrodes. For this reason, region III 
is called the proportional region. It is 
best attained by using a cylindrical 
chamber, which acts as the negative 
electrode (cathode), with a central wire 
as the positive electrode (anode). 
When the voltage is high enough the 
potential gradient (or electric field 
Strength) near the central wire be- 
comes so large that the electrons, pro- 
duced in the primary ionization of the 
gas by an alpha or beta particle, will 
move toward it with a very high speed. 
In region III the speed becomes great 
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enough for the electrons to cause the 
ionization of other atoms and mole- 
cules in the gas; the electrons so pro- 
duced may cause further ionization, 


and so on. This multiplication effect is 


often referred to as a Townsend ava- 
lanche or Townsend cascade, in honor of 
its discoverer, J. S. Townsend (§ 7.1).* 

7.23. An electron from each original 
(or primary) ion-pair may consequently 
lead to the formation of a large number 
of secondary ion-pairs. The total num- 
ber of ion-pairs produced by a single 
primary ion-pair is called the gas- 
amplification factor. This factor is unity 
in the'ionization chamber (region II), 
but it may become as large as 10* or 
more in region III. The size of the 
pulse produced by a single particle is 
thus increased enormously, so that 
considerably less external amplification 
is required. In principle, the propor- 
tional region could be used in an inte- 
grating instrument in which the ion 
current is measured. But this would 
require such exact control of the poten- 
tial difference between the electrodes 
as to be quite impractical. Conse- 
quently, pulse counting is always 
employed, and this is the reason for 
the name proportional counter. 

7.24. As indicated above, the in- 
strument consists of a cylindrical tube 
with a central wire, the latter being 
attached to the positive pole of the 
battery. The magnitude of the applied 
potential depends on the conditions, 
but it may be from 500 to 800 volts, 
or more, in order to take advantage 
of the increase of gas amplificauon 
with the voltage. Various gases have 


Y been employed for filling proportional 
counter tubes. As a general rule, a 


mixture is used consisting of a simple 
gas, such as hydrogen or argon, which 


favors high amplification, and a more 
complex one, such as carbon dioxide, 
methane, pentane, ete., to provide 
stability of operation. A fairly typical 
gas might be methane containing 10 
to 25 percent by volume of argon, the 
total pressure being usually less than 
1 atmosphere. In the gas-flow propor- 
tional counter, which is widely used, 
the gas, e.g, methane, argon, or a 
mixture, at atmospheric pressure flows 
continuously through the electrode 
chamber. The latter is generally not 
cylindrical, as it is in the closed 
counter. Since the chamber is: open, 
to permit the flow of gas, the experi- 
mental sample being counted ean be 
placed within it. 

7.25. Because of the proportional 
character of the amplification, an 
alpha particle will give a larger pulse 
than will a beta particle or a gamma- 
ray photon, just as in the ionization 
chamber. Hence proportional-counting 
instruments are particularly useful for 
counting alpha particles in the presence 
of beta particles and gamma rays. By 
means of suitable devices, the smaller 
pulses can be ignored and only the 
larger pulses produced by alpha parti- 
cles recorded. If the applied voltage is 
maintained reasonably constant, the 
alpha-particle pulses can be sorted out 
by means of a pulse-height analyzer 
(8 7.15). The proportional counter can 
also be used for the measurement of 
beta particles alone or in the presence 
of alpha particles, as described in 
connection with ionization chambers. 
furthermore, it can be adapted tb the 
measurement of neutrons (§ 11.26). 

7.26. It is of historical interest to 
mention that the proportional counter 
principle was first used by Rutherford 
and Geiger in 1908 to count alpha par- 


* Tt was at one time thought that the avalanche ionization was produced by the positive 
y 


ions. This view has now been 
Acquire sufficient energy for the purpose. 


discarded, since it is known that these ions do not 
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ticles with the object of determining 
their charge (§ 2.108). The apparatus 
consisted of a brass cylinder, about 20 
cm long and 1.7 cm internal diameter, 
with a thin central insulated wire 
which was attached to the positive 
terminal of the battery. “In our experi- 
ments,” they said, “it was 
that the alpha particles could be fired 
through the gas at low pressure ex- 
to an electric field somewhat 
below the sparking value. In this way, 
the small ionization produced by one 
alpha particle in passing along the gas 
could be magnified several thousand 
times. The sudden current through the 
gas due to the entrance of an alpha 
particle in the testing vessel was thus 
increased sufficiently to give an easily 
measurable movement of the needle of 
an ordinary electrometer.” With this 
apparatus Rutherford and Geiger were 
able to count the alpha particles from 
a radium C source. 


GEIGER-MÜLLER COUNTERS 


7.27. A type of instrument that has 
been widely used in radioactive count- 
ing is the Geiger-M üller counter, a name 
often abbreviated to Geiger counter or 
to G-M counter. Because the detecting 
portion is commonly in the form of a 
tube, the names Geiger-M üller tube or 
G-M tube are frequently used. These 
instruments operate in region V of the 
curve, in Fig. 7.2, showing the vari- 
ation of current pulse size with the 
applied potential. The conditions in 
region IV, which lies between the pro- 
portional and Geiger-Müller ranges, 
have found no application in nuclear 
radiation studies, and in region VI the 
potential is so high that once ionization 
takes place in the gas there is a con- 
tinuous discharge of electricity, so that 
it cannot be used for counting purposes. 

7.28. Although some improvement 
in the design of particle counters, lead- 
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ing to operation in region V, was made 
by Geiger in 1913, the modern highly 
sensitive G-M counter is essentially 
that developed by Geiger in collabo- 
ration with W. Miller in Germany in 
1928. It should not be overlooked, how- 
ever, that the wide sphere of usefulness 
of the G-M tube, as well as the 
ionization chamber and proportional 
counter, owes much to the develop- 
ments in electronic circuits which have 
taken place in recent years. In this 
connection, mention may be made of 
the Swiss physicist, H. Greinacher 
who, in 1924, introduced the use of 
vacuum tubes to amplify the pulses 
produced by ionizing particles. 

7.29. The essential difference be- 
tween the proportional and the Geiger 
regions is that in the former an elec- 
tron from an ion-pair probably pro- 
duces an avalanche at one point only, 
whereas in the G-M region the ava- 
lanche spreads along the whole length 
of the central wire. The pulse size in 
the proportional region thus varies 
with the number of primary ion-pairs, 
but in the Geiger counter the amplifi- 
cation is so great that the size of the 
pulse is almost independent of the 
number of ion-pairs, as may be seen 
from Fig. 7.2. Although the amplifica- 
tion. in the Geiger region is large, the 
discharge is not continuous, as it is in 
region VI. The negative members of 
the ion-pairs are mainly electrons, and 
these reach the central wire anode 
(positive electrode) in a very short 
time. The positive ions, consisting of 
charged gas molecules, however, move 
much more slowly toward the walls of 
the tube, which act as the cathode 
(negative electrode). As a result, a posi- 
tive space charge is built up near the 
anode; the effective potential difference 
in its vicinity is consequently decreased 
and the discharge is terminated. 

7.30. The characteristics of the Gei- 
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ger region can be considered from an- 
other point of view. Imagine a weak 
source of ionizing (alpha, beta, or 
gamma) radiation placed near an in- 
strument, similar to a proportional 
counter, consisting of a cylindrical 
cathode with a central wire as the 
anode. This instrument is connected 
with a device capable of indicating 
only relatively large pulses, but not 
small ones. As the potential applied 
between the electrodes is increased the 
number of pulses recorded per minute 
will be observed to change in the 
manner depicted in Fig. 7.5. Until the 
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Fic. 7.5. Variation with applied voltage 
of number of current, pulses received per 
minute due to ionizing radiation. 


voltage reaches the value indicated as 
the starting potential, the pulses are 
too small to be detected. But with 
rising potential the gas amplification 
Increases, and pulses are recorded 
in increasing numbers. Eventually, 
when the Geige threshold potential is 
reached, corresponding to the begin- 
ning of region V in Fig. 7.2, the nuiü- 
ber of pulses per minute becomes 
essentially constant, as indicated by 
the horizontal portion of the curve in 
Fig. 7.5. The range of potential over 
Which this occurs is called the Geiger 
plateau. Beyond the plateau, continu- 
ous discharge takes place (region VI), 
and counting is not possible. 


7.31. The voltages of the threshold 
potential and of the plateau range 
depend, as may be expected, on the 
design of the counter and the nature 
and pressure of the gas it contains. 
Most G-M counters are filled with gas 
at pressures below atmospheric, when 
the plateau may extend over a range 
of two or three hundred volts in the 
region from about 800 to 1500 volts. 
The operating voltage is usually chosen 
so as to be somewhat less than the 
value at the middle of the plateau. The 
gas-amplification factor can then be as 
high as 10* or more for a weakly ion- 
izing particle. In the curve shown in 
Fig. 7.5 the plateau is represented as 
horizontal; this is an ideal situation, 
but in actual'practice there is often & 
slight upward slope. The slope must, 
however, be small if the G-M counter 
is to be satisfactory, for one of its 
important advantages is that the num- 
ber of pulses registered per minute 
from a given source remains constant 
in ,spite of possible variations in the 
voltage; this condition can be realized 
only if the plateau is reasonably level, 
as in Fig. 7.5. 

7.32. One of the troublesome fea- 
tures of the Geiger-Müller counter is 
that, when an ionizing particle pro- 
duces an avalanche, the resulting dis- 
charge pulse may continue for some 
time. If another particle enters the 
counter tube before the discharge is 
complete, the pulse it should produce 
will be confused with the preceding 
one, and so on for subsequent pulses. 
in other words, the separate pulses are 
not resolved, and hence cannot be 
counted. The continuation of the dis- 
charge or, more correctly, the forma- 
tion of a multiple discharge appears 
to be due to the positive ion members 
of the ion-pairs. When they reach the 
walls, i.e., the cathode, of the G-M 
tube, the positive ions cause electrons 
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to be liberated; these move rapidly 
toward the central wire, and thus re- 
new the discharge previously termi- 
nated, as described above. 

7.33. There are two main procedures 
for suppressing or quenching the dis- 
charge, in order to improve the resolv- 
ing power of G-M counters. In the self- 
quenching (or internally quenched) 
type the filling gas is a mixture of 
argon and a few percent of a poly- 
atomic organic gas or vapor, such as 
methane, ethane, or ethyl aleohol. The 
purpose of the argon is to provide high 
Specific ionization and a low starting 
potential whereas the organic mole- 
cules quench the discharge. Because 
the quenching compound ionizes more 
readily than argon, the positive argon 
ions initially formed tranfer their 
charges to the organic molecules; con- 
sequently virtually only ions of the 
latter reach the walls of the Geiger 
tube. As a result, the energy which 
would otherwise have caused the emis- 
sion of electrons is now used to de- 
compose the molecules of quencher.* 

7.34. Some of the decomposition 
products deposit on the walls of the 
counter and on the central wire, and 
this sets a limit to the life of self- 
quenching counters. Nevertheless, a 
good tube may count as many as a 
billion, i.e., 10°, pulses before becoming 
ineffective. It can then be opened, 
cleaned, and refilled, if desired. A later 
development is the use of a halogen 
gas, such as chlorine or bromine, as a 
quencher in place of an organic com- 
pound. Self-quenched tubes of this 
type have a relatively low threshold 
potential; they are said to have a vir- 
tually unlimited life, since the atoms 
produced by decomposition of the 
halogen molecules recombine to form 
the molecules once again. A patented 
G-M tube containing argon, with small 
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amounts of xenon, oxygen, and nitro- 
gen, is claimed to be self quenching 
and to have infinite life. 

7.35. In the nonself-quenched type 
of Geiger counter the quenching of the 
discharge is achieved by means of an 
external resistance or by use of an 
auxiliary electronic circuit. These auto- 
matically reduce the voltage below the 
starting potential after each pulse and 
then restore it in time for the next 
pulse. The gas in the counter tube is 
commonly argon of about 98 percent 
purity, the small amount of impurity 
being possibly advantageous. Since 
there is no decomposition of the gas, 
an externally quenched G-M counter 
has a very long life. These instruments 
are not very widely used at present, 
however, because the self-quenched 
type have proved to be very satisfac- 
tory and easier to operate. ` 

7.36. When properly quenched, in- 
ternally or externally, a G-M counter 
will have a resolving time of about 
2 X 10~ sec; that is to say, particles 
arriving at intervals of not less than 
2 X 10~ sec will give separate pulses. 
If the particles were produced at a 
uniform rate, that is, at regular inter- 
vals, a maximum of 5000 pulses could 
be counted.per second. The emission 
of radioactive particles, however, is 
random in character and by no means 
uniform; consequently, the practical 
counting rate is below this maximum. 
In any event, there is always a proba- 
bility that two or more particles will 
arrive at such short intervals that they 
are not counted separately, and a cor- 
rection must be made for such losses. 
This “coincidence” correction increases 
with the resolving time of the tube and 
with the actual counting rate. 

7.37. For very fast counting it is 
necessary to use a suitable scaler in 
conjunction with the Geiger counter. 


* Other factors, which need not be mentioned here, are also operative. 
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But the G-M tübe is almost invariably 


used to determine the rate at which 


radiation is being received at a par- 
ticular point. For this purpose, the out- 
put of the tube, generally without 


— further amplification, is applied to a 


counting-rate meter (8 7.16). 

7.38. Because of their versatility, 
G-M tubes have been made in a great 
variety of sizes and shapes, from 1 
em to 1 meter in length and from 0.3 
em to 10 cm in diameter. The walls 
can be of metal, e.g., copper, or a metal 
cylinder may be supported inside a 
glass tube (Fig. 7.6). Another possi- 


CENTRAL WIRE (ANODE) 


METAL CYLINDER (CATHODE) 


Fic. 7.6. Construction of simple Geiger- 
Miller tube. 


bility is to coat the interior surface of 
the glass tube with a thin layer of an 
electrical conductor, e.g., silver or 
graphite. The central wire which acts 
as the positive electrode (anode) is usu- 
ally of tungsten, with a thickness of 
0.02 to 0.05 mm. As indicated above, 
the nature of the gas depends on the 
type of counter; the pressure is usually 
less than atmospheric, but in some 
cases it is the same as that of the 
atmosphere. Geiger-Miiller counters 
are mainly used for beta and gamma 
rays, partly because it is difficult to 
make tubes with windows thin enough 
to be penetrable by alpha particles. 
When the penetrating power of the 
beta radiation is small, the tube may 
have a very thin glass or mica window 
through which the particles can pass. 


Uses or IONIZATION 
INSTRUMENTS 


7.39. Instruments of the. types de- 
scribed above are used either for. the 
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detection of nuclear radiations or for 
their quantitative measurement. In 
some cireumstances, e.g., in prospect- 
ing for uranium minerals or in health 
protection operations (see Chapter 
18), it is required to know that radio- 
active material is present, and, if possi- 
ble, to obtain a rough indication of the 
quantity. For this purpose the Geiger 
counter with & rate meter is very con- 
venient. The high voltage can be 
obtained with a small battery and a 
vibrator-transformer system; the large 
internal amplification makes external 
amplification circuits unnecessary. Gei- 
ger tubes are rarely designed to detect 
alpha particles, because of their short 
range in air and small penetrating 
power. But both beta and gamma ra- 
diations can be detected, and if the 
tube is provided with a thin window 
and a thicker shutter, it is possible 
to permit the beta particles to enter 
or to be excluded, as desired. For the 
detection and rough measurement of 
the intensity of alpha particles, some 
form of proportional counter is gener- 
ally used. 

7.40. For quantitative determina- 
tions, even of moderate reliability, the 
G-M counter is not very satisfactory. 
Accurate measurements can, however, 
be made with ionization chambers, 
either of the integrating or pulse types, 
and also with proportional counters. 
By employing selector (or discrimi- 
nator) circuits, which reject small 
pulses, or a pulse-height analyzer these 
instruments (or counters) can. be used 
for alpha particles. They can also be 
adapted to measure beta or gamma 
radiation by means of suitable win- 
dows. In general, ionization cham- 
bers would be used for the more highly 
ionizing radiations because there is 
no internal gas amplification. Both 
ionization-chamber and proportional 
comnters have short resolving times, 
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permitting high counting rates. In this 
respect they are greatly superior to 
the G-M counter which is not reliable, 
even for rough measurements, when 
the pulse rate is more than about 5000 
per second. . 

7.41. When "absolute" counting is 
being undertaken, it is necessary to 
know the geometrical efficiency, or 
geomelry, of the counter, ie. the 
fraction (or percentage) of the total 
number of particles emitted by the 
source that actually enter the counter 
tube. This can usually be determined 
by means of a standard radioactive 
source. Alpha-particle standards can 
be prepared from uranium, and several 
beta and gamma standards, made from 
either natural or artificial radioele- 
ments, are available. When the counter 
is used for comparative, rather than 
absolute, measurement, as is often the 
case, all that is required is that the 
geometry should always be the same. 
This is achieved by standardizing the 
operating procedure. 


PursE-HEIGHT ANALYZERS 


7.42. The size (or height) of the out- 
put current pulse from a pulse-type 
ionization chamber or from a propor- 
tional counter, but not from a Geiger 
counter, is directly related to the total 
number of ion-pairs produced by an 
ionizing particle in the chamber or 
counter. Consequently, the first two of 
these devices, and other particle de- 
tectors to be described shortly, can be 
used in conjunction with a pulse-height 
analyzer to sort out particles of differ- 
ent kinds and also to distinguish be- 
tween particles of the same kind having 
different energies (§ 7.15). The sim- 
plest pulse-height analyzers are of the 
single-channel type. In one form, this 
consists of two electronic discriminator 
circuits in parallel; one discriminator is 
adjusted to pass only those pulses of 
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height (or current strength) exceeding 
a particular value h, whereas the other 
passes pulses of height greater than 
h + Ah, where Ah represents a small 
‘height increase. The pulses which pass 
the first discriminator but not the 
second have heights lying within the 
narrow range from h to h + Ah, and 
these are counted. This count may be 
taken as essentially equal to the num- 
ber of pulses of height hcoming fromthe 
chamber or counter. By changing the 
bias voltage on the discriminators, the 
system can be reset to count pulses at 
a series of different heights. 

7.43. By combining several single- 
channel pulse analyzers, it is possible 
to count pulses of different heights 
simultaneously. Such a multichannel 


COUNTS PER CHANNEL 


20 40 60 80 100 120 140 
CHANNEL NUMBER 
Fic, 7.7. Representation of output from 
a pulse-height analyzer. 


pulse-height analyzer is complex, how- 
ever, especially if the number of differ- 
ent pulse heights (or channels) to be 
counted is large, e.g., several hundred 
in some modern work in the field of 
atomic energy. Various multichannel 
devices have therefore been developed 
to overcome this complication. The 
one in most’ common use is based on 
the conversion of pulse height into a 
time interval. When a pulse enters the 
analyzer, a steadily rising electrical 
signal is started and a timing device 
records the instant when the strength 
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of this signal is just equal to the pulse 
height. The observed time interval, 


_ which is directly proportional to the 


height of the pulse, is then stored in 
the magnetic memory (or data storage 
system) of a small computer. The data 
from a large number of pulses are col- 
lected in this manner. Finally, the 
computer sorts out the time intervals 
into a large number of groups (or 
channels) of different lengths; each 
channel then corresponds to a particu- 


211 


lar pulse height. The results are often 
displayed as a graph of the number of 
counts per channel against the channel 
number (Fig. 7.7) or, its equivalent, 
the pulse height or the energy of the 
original ionizing particle producing & 
pulse of that height. Multichannel 
pulse-height analyzers of this type 
have found particular application in 
recent years in the study of the energy 
distributions (or spectra) of beta parti- 
cles and gamma-ray photons. 


MEASUREMENT OF RADIATION BY OTHER METHODS 


SCINTILLATION COUNTERS 


7.44. Since the year 1947, there have 
been important. developments in one 
of the oldest methods of counting par- 
ticles, namely, that based on the small 
flashes of light (or scintillations) which 
accompany the exposure of certain 
materials to nuclear radiations. The 
mechanism of production of these scin- 
tillations is very complex, but essen- 
tially it involves the initial formation 
of a higher-energy (or excited) elec- 


. tronic state of the molecules (or atoms), 


or, in certain inorganie solids, of a 
small region of a crystal. The excess 
energy, which has been derived directly 
or indirectly from the nuclear radia- 
tion, is then emitted within a very 
short time as a flash of light. 

7.45. In the course of his early stud- 
ies of radioactivity A. H. Becquerel 
found, in 1899, that the radiations, 
like X-rays and cathode rays, are able 
to produce luminescence in a number 
of substances, such as zine sulfide 
(Sidot’s hexagonal blende), barium 
platinocyanide, and diamond. This 
property of radioactive rays, which is 


mainly due to the alpha particles; was 
employed by Curie and by Debierne 
in the study of the gaseous emanations 
(§ 5.18). In 1903, W. Crookes in Eng- 
land, and J. Elster and H. Geitel in 
Germany, independently reported that 
the luminescence produced by alpha 
particles on zine sulfide was not uni- 
form but consisted of a large number 
of individual flashes which could be 
seen in a microscope.* A year later, 
in the first edition of his book on 
Radioactivity, Rutherford wrote: "In 
the scintillations of zinc sulphide, we 
are actually witnessing the effect pro- 
duced by the impact . . . of single 
atoms of matter [i.e., the alpha par- 
ticles]. . . . This would offer a very 
convenient means of actually counting 
the number of the particles . . . if 
each particle gave rise to a flash of 
light.” At the time, Rutherford did 
not think this was very probable, but 
later, in collaboration with Geiger, he 
proved that such was actually the 
case. 

7.46. The first attempt to count 
alpha particles, by observing the scin- 


* Crookes devised a small instrument, which he called a “spinthariscope’’ (from the Greek, 
spintharis, a spark), for making these scintillations visible. It consisted of a brass tube with 


a zinc sulfide screen at one end, with a speck of 


radioactive salt 1 mm from it, and a lens 


at the other end. Similar scintillations can be seen by observing the figures on a luminous 


watch dial with a lens in the dark. 
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tillations they generated in a diamond, 
was made by E. Regener in Germany 
in 1908. At about the same time, 
Rutherford and Geiger compared the 
number of scintillations produced by 
a radium C source on a zinc sulfide 
screen with the pulses in an electrical 
(ionization) counter ($ 7.26). The num- 
bers were approximately the same in 
both cases; hence, if each alpha particle 
caused a single pulse in the counter, 
then it also gave rise to one scintilla- 
tion. In this manner Rutherford and 
Geiger established the reliability of the 
scintillation method of counting alpha 
particles. The procedure was used by 
Geiger and Marsden in their original 
work in 1910 on the scattering of alpha 
particles during passage through thin 
sheets of metals (§ 4.9), and later, in 
1913, in their confirmation of Ruther- 
ford’s equation, based on the nuclear 
theory of the atom (§ 4.13). It was also 
employed by Chadwick and others for 
the determination of the nuclear charge 
by the method described in § 4.27. 
7.47. Prior to the 1930s, when the 
development of vacuum-tube circuits 
simplified the counting of electrical 
pulses, the scintillation method, in- 
volving tedious visual observation, was 
virtually the only procedure used for 
both quantitative and qualitative stud- 
ies of alpha particles. As a result of 
the progress made in the methods of 
counting, described above, the scintil- 
lation procedure was largely discarded. 
In recent times, however, there has 
béen a revival of interest in the subject, 
mainly because of two factors. First, 
there was the discovery that certain 
Organic compounds, either in the solid 
state or in solution, as well as inorganic 
solids, which produce scintillations 
when exposed to nuclear radiations, 
are transparent to the light they emit. 
As a result, relatively large quantities 
of the scintillator (or phosphor) can be 
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used ; this insures a high probability of 
interaction with the radiation and a 
high detection efficiency. Second, was 
the advent of the electron-multiplier 
tube with a photoelectric cathode, 
generally called a photomultiplier tube. 
The light produced in a single scintil- 
lation, which is too feeble to measure 
directly, causes the emission of elec- 
trons from the cathode of the tube, due 
to the photoelectric effect. The number 
of electrons is greatly increased in suc- 
cessive stages, so that ultimately a 
measurable current pulse is produced. 
This can be recorded by means of a 
counter (or counting-rate meter) in the 
manner already described for ioniza- 
tion instruments. 

7.48. A combination, of scintillator 
and photomultiplier tube to count 
particles was apparently first used by 
the British scientists S. C. Curran and 
W. Baker in some wartime research, 
reported in 1944. Three years later, 
F. Marshall and J. W. Coltman in the 
United States described the applica- 
tion of a photomultiplier to count the 
light flashes from a thin film of phos- 
phor on the exterior óf the tube. The 
main stimulus to the current interest 
in scintillation detectors, however, 
came in 1947 from the work of H. Kall- 
mann, then in Germany, who employed 
a large clear crystal of the organic 
substance naphthalene as phosphor, in 
conjunction with a photomultiplier. A 
simple form of the system is shown 
diagrammatically in Fig. 7.8; the crys- 
tal of the phosphor, surrounded by 
thin aluminum foil, is attached to the 
top, close to the cathode, of the photo- 
multiplier tube. The purpose of the foil 
is to reflect the light flashes on to the 
cathode. A particle of nuclear radiation 
(or a gamma-ray photon) entering the 
phosphor causes a flash of light, which 
falls on the photocathode. As a result, 
electrons are emitted and these are 
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subsequently multiplied to produce a | toluene or xylene, and the primary 
relatively large electrical pulse at the | solute (or dissolved substance), e.g., a 


output of the tube.* 


Al FOIL 


PHOSPHOR 


PHOTOCATHODE 


PHOTOMULTIPLIER TUBE 


Fia. 7.8. Schematic representation of a 
simple scintillation counter. 


7.49. Following the early use of 
naphthalene as the phosphor, it has 
been found that other related organic 
compounds, consisting of several linked 
benzene rings, are better scintillators. 
They can be obtained as large clear 
crystals and the light flashes are more 
intense than those emitted by naph- 
thalene; consequently they produce 
larger output pulses. Of the solid 
organic scintillators, anthracene and 
transstilbene appear to be the best. 
A further significant development has 
been the discovery that certain solu- 
tions of organic compounds are also 
capable of acting as phosphors. Al- 
though they are not as efficient as the 
best pure crystals, the problem of 
growing good crystals is eliminated. 

7.50. A liquid scintillator has two 
main components: the solvent, usually 


few percent of diphenyloxazole (or re- 
lated compound) or terphenyl. It ap- 
pears that most of the energy is 
absorbed from the nuclear radiation 
by the solvent, which is itself. not a 
scintillator, and is then transferred to 
the solute, which actually emits the 
light. A small amount of secondary 
solute may be added to act as a wave 
length shifter, i.e., to increase the wave 
length of the light emitted. At the 
somewhat longer wave lengths, the 
transparency of the liquid is greater, 
so that less light is lost, and, in addi- 
tion, the photomultiplier tube has a 
better response. 

7.51. Another type of organic scin- 
tillator system, which lies somewhere 
between a solid crystal and a solution, 
has a plastic as the base. A solution is 
made of the primary solute, possibly 
with the addition of a wave length 
shifter, in a solvent like vinyltoluene 
or styrene which can be readily con- 
verted into a solid plastic; this acts as 
a satisfactory scintillator. The result- 
ing transparent material can be made 
in large pieces and cut to any desired 
shape. Plastic scintillators are widely 
used in high-energy particle physics. 

7.52. An important class of scintil- 
lators is related to those used in the 
early studies of radiations. They are 
inorganic substances which, unlike the 
organic compounds, do not scintillate 
when pure. The presence of a small 
amount of an activator is always 
necessary. One of the best inorganic 
scintillators, especially for gamma . 
rays, is crystalline sodium iodide acti- 
vated with thallium (about 0.1 per- 
cent). It has the drawback, however, 
of being hygroscopic, that is to say, it 
takes ‘up moisture from the air and 


* Instead of direct attachment of the scintillator and photomultiplier, a “light pipe” of 


Lucite is often used to connect them. 
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. becomes wet; the crystal of sodium 
iodide must consequently be sealed in 
a thin aluminum can. A somewhat less 
sensitive alternative is the nonhygro- 
scopic cesium iodide, also activated 
with thallium. Calcium iodide, with a 
trace of europium, is said to be even 
more efficient than sodium iodide; al- 
though it is hygroscopic, it is believed 
to have great promise if large crystals 
can be grown. Zine sulfide activated 
with silver is an excellent scintillator, 
but it soon becomes opaque to the light 
it émits and so can be used only in thin 
layers. Its chief application has there- 
fore been in the study of alpha parti- 
cles, as they have a very short range, 
in any event. 

7.53. Since 1954, the possibility of 
using gaseous scintillators has at- 
tracted interest because of their ex- 
tremely rapid response. When exposed 
to nuclear radiations, the so-called 
inert gases of the atmosphere, e.g., 
argon, krypton, and xenon, produce 
seintillations in the ultraviolet region 
of the spectrum. By means of a suita- 
ble wave length shifter, the flashes are 
converted into visible light, so that the 
photomultiplier responds most effec- 
tively. Liquid and solid xenon, which 
haye the advantage over the gas in 
having a greater Stopping power for 
the radiations, can also act as scintil- 
lators in the same manner. An impor- 
tant advantage of the inert-element 
scintillators is that the light output is 
very closely proportional to the energy 
of the particle (or photon) producing 
the scintillation, regardless of its 
nature. 

7.54. Tn spite of the great variety of 
phosphors, there are generally circum- 
stances in which one or another is pre- 
ferred because of certain differences in 
behavior. Sodium iodide (with thal- 
lium) is a highly effective scintillator 
as far as light output is concerned, but 
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the light pulse has a relatively long 
decay time, compared with the organic 
phosphors; hence, it is less satisfactory 
when a very rapid response is required. 
On the other hand, the presence of the 
element iodine, with a fairly high 
atomic number, in sodium iodide gives 
it a much greater stopping power for 
gamma rays; it is, consequently, a 
more useful counter for high-energy 
photons of this radiation. Moreover, 
the size of the output pulse is closely 
proportional to the energy quantum; 
hence, with the aid of a pulse analyzer, 
gamma rays of different energies, from 
a single substance or from a mixture, 
can be separated and counted. If re- 
quired, the actual energies can be 
measured. 

7.55. Organic scintillators give 
smaller light pulses, under equivalent 
conditions, than do sodium jodide 
(with thallium); but since they have 
a shorter decay time, higher counting 
rates are possible. The decay time in 
the liquid and plastice scintillators are 
even shorter than in the crystals, but 
the light emission is also decreased. 
Counters with liquid phosphors can be 
made very large and in a variety of 
Shapes. “Whole-body” or “human” 
counters, for example, for determining 
the total radioactivity of the body, are 
large enough to contain a grown person 
(8 17.59). Three counters, each hold- 
ing 420 gallons of liquid, were used in 
the detection of the elusive neutrino 
($ 8.63). Because of the small stopping 
power of the constituent elements, 
hydrogen, carbon, nitrogen, and oxy- 
gen, of low atomic number, scintilla- 
tion detectors with organic phosphors 
cannot be used for gamma rays unless 
the counter is large. 

7.56. Because of their simplicity, 
great flexibility and versatility, high 
sensitivity to all forms of nuclear radi- 
ation, rapid response, very short re- 
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solving time, and the ability, in some 
forms, to discriminate between and 
measure photon energies, scintillation 
counters have found many uses. For 
general survey purposes, especially 
where gamma rays are being detected, 
they are superior to the Geiger counter 
because of their greater accuracy, 
higher efficiency, and shorter resolving 
time. A G-M counter records about 
1 percent of the entering gamma-ray 
photons, but a sodium iodide scintil- 
lator will easily record 50 percent, 
largely because of the greater stopping 
power of the material. Further, even 
though the latter is slow compared to 
an organic phosphor, it has a very 
much shorter response time than a 
Geiger tube. 

7.57. Aside from particle counting, 
there are many applications in the 
atomic energy field for which scin- 
tillation counters are especially suited 
because of their extremely rapid re- 
sponse. In some cases the light flash is 
over in a very few billionths (10-*) of a 
second. Consequently, instruments of 
this kind are used for the accurate 
timing of nuclear (and related) par- 
ticles moving with very high speeds. 
For example, scintillation. counters 
were employed in the detection of the 
antiproton, described in. $2.83, in 
which it was necessary to count the 
particles traversing a distance of 40 
feet in 51 billionths of a second. It 
should be noted, however, that al- 
though there are still many applica- 
tions of scintillation detectors, some 
Of their former functions are being 
taken over by the semiconductor de- 
tectors described in the next section. 


SEMICONDUCTOR DETECTORS 


7.58. A simple form of semiconduc- 
tor device for counting nuclear parti- 
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cles was introduced by P. J. Van 
Heerden in the Netherlands in 1945, 
but it was not until 1959 that another, 
more efficient, type began to attraci 
interest. Since that time, the use of 
semiconductor counters (or detectors) 
has increased in a spectacular ; manner. 
The applications include detection and 
counting of ionizing particles and de- 
termination of their energies with con- 
siderable accuracy. Furthermore, be- 
cause they can be made in very small 
sizes, semiconductor detectors have 
been imbedded in the body to study 
the behavior of various radioactive 
species ‘in the living organism, as an 
aspect of biomedical research (§ 18.51). 

7.59. A semiconductor is a solid, erys- 
talline material with an electrical con- 
ductivity somewhere between that of a 
good conductor, e.g., a metal, and a 
nonconductor (or insulator), e.g., glass 
or plastic.* When exposed to radiations 
consisting of charged particles or pho- 
tons, the electrical conductivity of a 
semiconductor may be increased. In 
this respect a semiconductor can be- 
have like a gas which forms ion-pairs 
when exposed to nuclear radiation, 
although the mechanism of the process 
is different. Semiconductors are of two 
main types, namely, intrinsic and im- 
purity semiconductors, the latter being 
in more: common use. An intrinsic 
semiconductor, e.g., silver chloride, 
cadmium sulfide, and diamond, has 
semiconducting properties in its nor- 
mal state, either as prepared in the 
laboratory or found in nature. On the 
other hand, impurity semiconductors 
are produced by the addition of con- 
trolled amounts of specific impurities 
to erystals of certain pure substances, 
e.g., silicon and germanium, which are 
themselves insulators or weak semi- 
conductors. 


* Transistors and analogous solid-state devices, used in various radio and electronic circuits 
and in the solar cells on spacecraft, are made from semiconductor materials. 
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7.60. The differences in behavior of 
conductors, semiconductors, and non- 
conductors can be accounted for in 
terms of the band theory of solids. It was 
seen in Chapter 4 that, in an atom in 
its normal state, the electrons occupy 
certain ,energy levels or quantum 
states. In a solid (crystal), these levels 
are split into a number of closely- 
spaced levels called energy bands. It is 
postulated that above the highest filled 
band, called the valence band,* there is 
another band, known as the conduction 
band, that may be either empty or 
partially filled with electrons. If the 
solid is a good conductor of electricity, 
the lowest levels of the conduction 
band contain electrons, possibly over- 
lapping with the valence band, but the 
upper levels are vacant (Fig. 7.9A). 


aes 


Fro. 7.9. Valence and conduction bands 
in (A) a good conductor, (B) an insulator, 
and (C) an intrinsic semiconductor, 


CONDUCTION 
BAND 


VALENCE 
BAND 


When an electric field (or voltage) is 
applied, the electrons in the lower 
levels of the conduction band take up 
small amounts of energy from the 
field and are thus raised to the upper 
levels. Here they are free to move 

under: the influence of the applied 
voltage and so serve to conduct an 
electric current. 

7.61. In a nonconductor (or insula- 
tor), the conduction band is not only 
empty but there is a large energy sepa- 
ration between it and the filled valence 
band immediately below (Fig. 7.9B). 
The only way such a solid can conduct 
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electricity is for electrons in the valence 
band to acquire sufficient energy to lift 
them into the conduction band. Since 
this amount of energy is relatively 
large, very few electrons can make the 
transition when an electric field of 
moderate strength is applied; the elec- 
trical conductivity is consequently 
small, ie. the resistance is high. An 
intrinsic semiconductor is similar to a 
nonconductor except that the energy 
separation between the filled valence 
band and the vacant conducting band 
is much smaller (Fig. 7.9C). The proba- 
bility that electrons will pass from the 
filled band to the conducting band is 
thus greater than for a nonconductor. 
Hence, the electrical conductivity of 
the semiconductor is larger than that 
of a nonconductor but still significantly 
less than of a conducting solid. 

7.62. The characteristics of impurity 
semiconductors can best be explained 
by considering some specific examples. 
The silicon atom has a valence of four; 
that is to say, it has four outermost 
(valence) electrons available for form- 
ing chemical bonds. In a crystal of this 
element, each silicon atom shares a pair 
of electrons with each of four neigh- 
bors, so that it has effectively eight 
electrons associated with it. The va- 
lence band of each atom in the crystal 
may thus be regarded as being filled 
(cf. § 4.69). Suppose now that some 
atoms of an impurity element with a 
valence of five, i.e., with five valence 
electrons, such as arsenic, is introduced 
into the silicon crystal. This is done by 
crystallizing the silicon from a melt to 
which the impurity has been added in 
& controlled amount. The impurity 
atoms replace some of the silicon atoms 
in the crystal structure (or lattice), but 
they provide five electrons, whereas 


* It is called the valence band because the electrons in it determi i 
(or bonding) of the atom to other &toms of the SAM ie different Med [vk ne 
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only four are needed to complete the 
valence band. 

7.63. There is thus one free electron 
for each impurity atom with valence 
five; this electron enters an impurity 
energy level which is above the filled 
valence band of the silicon crystal, but 
just below the normal conduction band 
(Fig. 7.10A). The situation is theh 


gig — | unies 


VALENCE 
BAND 


Fig. 7.10. Valence and conduction bands 
and impurity level in (A) n-type semicon- 
ductor and (B) p-type semiconductor. 


similar to that for an intrinsic semi- 
conductor, as depicted in Fig. 7.9C. A 
moderate amount of energy will trans- 
fer electrons from the impurity level to 
the conduction band of the silicon. An 
impurity semiconductor in which a 
five-valent element impurity, e.g. 
phosphorus, arsenie, or antimony, is 
present in a four-valent crystal, e.g. 
Silicon or germanium, is known as an 
n-type semiconductor. The n refers to 
the negatively charged carriers of the 
electric current, i.e., the extra electrons 
introduced by the impurity.* Any ele- 
ment capable of producing an n-type 
material is called an electron donor or, 
in brief, a donor. 

7.64. Another type of semiconduc- 
tor is produced by incorporating 
impurity atoms with three valence 
electrons, e.g., boron, aluminum, in- 
dium, or gallium, into a crystal of a 
four-valent element.’ The impurity 
atom now contributes only three elec- 
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trons to the valence band, e.g., of the 
silicon crystal. Consequently, for each 
impurity atom, there is a Vacant place, 
called a hole, that can be filled by an 
electron. A valence-band electron with 
an appropriate relatively small amount 
of energy can then move from an ad- 
jacent silicon atom into such a hole. 
Thus, the holes act effectively as a sort 
of conduction band with energy only 
slightly above the valence band (Fig. 
7.10B). This accounts for the semi- 
conducting properties of the material. 

7.65. Suppose an electric field is ap- 
plied to the semiconductor in such a 
direction that an electron at the right 
in I moves into a hole at the left; the 
situation that results is shown in II. It 
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Hole _ Electron Electron Hole 
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is seen that when the electron moves 
to the left, the hole is effectively shifted 
to the right. In other words, the elec- 
trons and holes move in opposite direc- 
tions under the influence of an applied 
voltage. Since the electrons carry a 
negative charge, the holes behave as 
if they were positive charges. Semi- 
conductors produced by introducing 
valence-three impurities (or acceptors) 
into a valence-four crystal are thus 
called p-type, where p stands for posi- 
tive. 

7.66. In the first application of semi- 
conductor detectors of nuclear radia- 
tion, Van Heerden placed a crystal of 
silver chloride, an intrinsic (or homo- 
geneous) semiconductor, between two 
electrodes to which a voltage was ap- 
plied by a battery. An ionizing particle 
entering the crystal then produced a 
pulse of current which could be ampli- 


* The foregoing discussion has referred, for simplicity, to an elemental crystal, especially 
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mostly used in semiconduetor 


detectors. Impurity semiconductors have also 


n made, however, from alloys of two or three elements. 
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fied and counted. Such a device was 
called a crystal conduction counter. At 
ordinary temperatures the silver chlo- 
ride has considerable background 
“noise,” i.e., there are pulses of ran- 
dom size and frequency, even in the 
absence of ionizing radiation. This 
disturbance is caused by electrons in 
the valence band of the intrinsic semi- 
conductor acquiring in a random man- 
ner sufficient thermal (or heat) energy 
from the surroundings to raise them 
into the conduction band. Conse- 
quently, the silver chloride erystal had 
to be cooled in liquid air to decrease 
the noise. Among other intrinsic semi- 
conductors which could be used in- 
stead of silver chloride were cadmium 
sulfide and some diamonds; these were 
found to function satisfactorily at 
room temperature without excessive 
background noise. 

7.67. The operation of crystal con- 
duetion conductors may be explained 
in the following manner. Under ordi- 
nary conditions, the electrical conduct- 
ance of the intrinsic semiconductor 
crystal is relatively small. When it is 
exposed to nuclear radiation, however, 
some of the valence band electrons 

` absorb sufficient energy from the radi- 
ation to permit them to enter the con- 
ductance band, leaving (positive) holes. 
When an electric field (or voltage) is 
applied, the electrons travel toward 
one (positive) electrode and simultane- 
ously the holes appear to move toward 
the other (negative) electrode. As a 
result, there is a pulse of current equiv- 
alent to the number of electrons trans- 
ferred to the conduction band by the 
entering radiation. 

7.68. Although simple in principle, 
erystal conduction counters have some 
serious drawbacks. Many of the mobile 
electrons in the conduction band do 
not reach the electrodes because they 
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are captured in holes which, as seen 
above, are really gaps that can be occu- 
pied by electrons; the electrons are 
then no longer free to move. More 
important, however, is the trapping of 
both electrons and holes at various 
Sites representing defects and impuri- 
ties of atomic dimensions in the crystal 
lattice. Not only are the electrons and 
holes immobilized but, in addition, the 
trapping produces a space charge, i.e., 
an internal electrical field, in the crys- 
tal which is detrimental to its operation 
as a detector. 

7.69. For the foregoing and other 
reasons, the simple solid-state counter 
was used to a limited extent only, but 
the development of the junction type 
detector, based on impurity rather 
than on intrinsic semiconductors, has 
changed the situation. The first such 
device was described by K. G. McKay 
in the United States in 1949; he showed 
that a p-n junction in a germanium 
crystal could be used to detect alpha 
particles. Furthermore, MeKay made 
the important observation that only 
about 3 eV of energy is required from 
nuclear radiation to produce an elec- 
tron-hole pair; this may be compared 
with the 34 eV to form an ion-pair in a 
gas and with the few hundred electron 
volts necessary to generate a photo- 
electron in such a relatively efficient 
scintillator as sodium iodide with 
thallium activator. The small amount 
of energy absorption that results in the 
formstion of a free electron in silicon 
and germanium semiconductors is 
largely responsible for an important 
characteristie of these detectors 
(§ 7.75). 

7.70. Studies with junction type ger- 
manium semiconductor detectors for 
alpha particles were reported in the 
United States by E. Lark-Horovitz 
and his associates in 1950 and by 
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E. Simon in 1955. Then, in 1957, J. D. 
Mayer and B. Gossick showed that the 
size of the output pulse from a ger- 
manium detector was proportional to 
the energy of the alpha particle. This 
relationship between the pulse height 
and the energy of the ionizing particle, 
which has since been found to be inde- 
pendent of its nature, has been an 
important factor in the application of 
semiconductor detectors. In this re- 
spect, a semiconductor detector be- 
haves like an ideal, pulse-type ioniz- 
ation chamber. 2 

7.71. The first general use of junc- 
tion-type detectors was reported in 
1958 by F. J. Walter and his collabo- 
rators in the United States, and in the 
following year several groups in this 
country and also in Canada and in 
England started experimenting with 
silicon detectors. These have an ad- 
vantage in the respect that they can 
be employed at room temperature, 
whereas the noise background makes 
it necessary to cool germanium semi- 
conductors to low temperatures. Liquid 
nitrogen at a temperature of 77° Kelvin 
(8 3.27 footnote), i.e., —196°C, is gen- 
erally used for this purpose. Since 1959, 
semiconductor detectors of ionizing 
radiations have been steadily improved 
and they have been utilized in various 
ways, as mentioned in $ 7.58. 

7.72. Most semiconductor junction- 
type detectors fall into three categories, 
according to whether the junction is of 
the diffused, surface-barrier, or ion- 
drifted type. The diffused junction and 
surface-barrier junction detectors are 
similar in principle and differ only in 
the method of producing the junction; 
they both involve a depletion region 
(or layer), free from excess electrons 
and holes, bounded on one side by an 
n-type semiconductor and on the other 
side by a p-type material. In the dif- 
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fused junction detector, a thin layer of 
the n-type is formed on the surface of 
a p-type silicon (or germanium) crystal, 
by allowing a donor impurity, e.g., 
phosphorus, to diffuse into the crystal 
at a fairly high temperature. The 
surface-barrier junction ‘detector, on the 
other hand, is made by exposing a 
chemically etched surface of an n-type 
silicon crystal to air. The surface is 
thus oxidized and the layer of oxide 
acts as a p-type material. A thin film 
of gold is evaporated on to the oxide 
surface to permit electrical contact to 
be made with a wire. In other cases, 
such contact can be established in a 
similar manner or, more easily, by 
electroplating, by soldering, or by 
using a silver paste, 

7.73. The junctions produced in the 
two ways described above may be re- 
garded as consisting initially of n- and 
p-type materials in contact. There isa 
tendency, however, for electrons to 
diffuse from the n-region, where they 
are in excess, into the p-region, where 
there is a deficit of electrons, as repre- 
sented by the holes. As a result, there 
is produced a depletion layer of high 
electrical resistance, i.e., very low con- 
duetance, in which there are neither 
excess electrons nor holes; this layer is 
effectively an intrinsic semiconductor. 
When the negatively charged electrons 
diffuse away from the n-type region, 
they leave the material positively 
charged; similarly, the filling of the 
hole in the p-region generates à corre- 
sponding negative charge. The small 
potential difference of about a volt 
established in this manner is enhanced 
by an additional potential of several 
hundred volts, referred to as a reverse- 
bias voltage. It is applied by means of 
a battery with its positive pole con- 
nected to the n-side and the negative 
pole to the p-side of the detector, as 
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represented in Fig. 7.11.* The effect 
of the reverse-bias voltage is to en- 
hance the thickness of the depletion 


DEPLETION LAYER 


TO AMPLIFIER 
AND COUNTER 


Fic. 7,11. Simplified schematic circuit for 
semiconductor junction-type detector. 


layer. The actual thickness increases 
with the applied reverse-bias voltage 
and with the electrical resistivity of 
the silicon (or other) material, but it 
is generally not more than about 3 mm 
at best. 

7.74. When an ionizing particle 
enters the depletion region, a number 
of electrons are transferred to the 
conduction band by absorption of 
energy, and the corresponding number 
of holes are produced, as in an intrinsic 
semiconductor. Under the influence of 
the applied (reverse-bias) voltage the 
electrons and holes are swept rapidly 
to the positive and negative electrodes, 
Tespectively, thus producing a pulse of 
current which can be amplified and 
recorded. Although the magnitude of 
the pulse is not large, because of the 
high resistance of the semiconductor, it 
has a very short duration, between 10 
and 10~7 sec. This is much smaller than 
in a gas-ionization detector and is the 
result of the higher mobility of the 
current carriers in the semiconductor 
crystals and the shorter distance they 
have to travel. The short duration of 
the charge collection time is increased 
somewhat by the amplifying system, 
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but it is still compatible with the de- 
tection of. particles arriving at very 
small intervals. 

7.75. If the ionizing particle is com- 
pletely stopped in the depletion layer, 
so that all its energy is utilized in pro- 
ducing electron-hole pairs, the height 
of the pulse is proportional to the 
initial energy of the particle. When 
used in conjunction with a linear am- 
plifier and a pulse-height analyzer 
(8 7.42), a semiconductor detector can 
form the basis of an accurate system 
for measuring the energy distribution 
(or spectrum) of'the nuclear radiation. 
Because of the small amount of energy 
required to produce an electron-hole 
pair, the number of pairs formed is 
relatively large when compared with 
other detectors. Consequently, semi- 
conductor detectors have a much 
better resolving power than either gas- 
ionization or scintillation counters 
(Fig. 7.12). In other words, each pulse 
covers a very narrow energy range; a 
plot of the particle intensities at vari- 
ous energies against the particle energy 
or, its equivalent, the output of a 
pulse-height analyzer of pulses per 
channel versus the channel number 
(cf. Fig. 7.7), shows sharp peaks corre- 
sponding to the different energies of 
the particles present in the ionizing 
radiation. It is the combination of 
excellent resolution with the propor- 
tionality of the pulse height to the 
absorbed energy that makes the semi- 
conductor detector such a useful tool 
in nuclear spectroscopy. 

7.76. Since the depletion layer in the 
detectors described above is not more 
than a few millimeters, these devices 
can be used only for spectra of particles 
of low and moderate energies, e.g., up 
to about 1.5 MeV for electrons (beta 
particles), 20 MeV for protons, and 80 


"It should be noted that the relative thicknesses of the three regions of the detector are not 
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MeV for alpha particles. Gamma (and 
X-) rays are much more penetrating 
than charged particles of the same 
energy, and so the maximum useful 
energy range is only a fraction of a 
million electron volt. This limitation 
is less serious in the third class of semi- 
conductor detectors, to be described 
below. 


INTENSITY 


RELATIVE 
o 
w 
Taria 


into the crystal where the lithium 
donor exactly compensates the existing 
acceptor impurities in the p-region. In 
this manner, an effective intrinsic semi- 
conductor layer is produced between 
the n- and p-regions. With improve- 
ments in technique, the thickness of 
the intrinsic layer has been steadily 
increased to over 1 cm, thus making 
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Fic. 7.12. Comparison of pulse-height analyzer results for gamma-rays from holmium-166 
(excited state) using scintillation detector (dashed curve) and lithium-drifted germanium 
detector (full curve). (Lawrence Radiation Laboratory, University of California.) 


7.77. The lithium-ion drifted junction 
detector was introduced by E. M. Pell 
in the United States in 1960. Lithium, 
which acts as an electron donor, is ap- 
plied to the surface of a p-type silicon 
(or germanium) crystal and heated to 
allow it to diffuse a short distance into 
the interior, thus forming an n-type 
layer. The crystal is heated to about 
150°C and a reverse-bias voltage of 
several hundred volts is applied. Under 
the influence of the electric field, the 
ions drift for a considerable distance 


the lithium-ion drifted detector useful 
for studies of the spectra of gamma 
rays up to energies exceeding 2.5 MeV. 
The manner of operation is exactly 
similar to that for other junction-type 
detectors (8 7.74). 

7 78. Lithium-ion drifted silicon de- 
tectors can be employed at room tem- 
perature, but germanium detectors, 
which must be cooled in liquid nitro- 
gen to reduce background noise, are 
preferred for gamma-ray spectrum 
studies. Germanium has a better stop- 
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ping power than silicon for these radi- 
ations, because of its higher atomic 
number, 32 against 14; moreover, ger- 
manium also has a better energy re- 
solving power, because the energy 
required to produce an electron-hole 
pair is 2.84 eV, compared with roughly 
3.4 eV for silicon. The low operating 
temperature for germanium is bene- 
ficial in improving the resolution of the 
spectrum. A minor disadvantage of 
the lithium-drifted semiconductor de- 
tector is the increase in the charge 
collection time or pulse duration; this 
is an inevitable result of the greater 
thickness of the intrinsic region through 
which the electrons and holes must 
travel to the electrodes. 

7.79. Some mention may be made in 
conclusion of the drawbacks of semi- 
conductor detectors. As already indi- 
cated, the limited thickness of the 
sensitive (intrinsic) region restricts 
their use to ionizing particles of rela- 
tively short range. This situation is 
likely to improve with time, however, 
as better production techniques are de- 
veloped. The high electrical resistance, 
which is essential to the satisfactory 
operation of the detector, leads to 
small current pulses; but this is over- 
come by the use of electronic ampli- 
fiers. The semiconductor detectors 
presently available are susceptible to 
degradation of the surface, leading to 
deterioration that limits their life. In 
the same connection, it may be noted 
that continued exposure to radiation 
causes internal defects in the erystal, 
thus reducing its effectiveness. Finally, 
in order to secure the advantages of 
high resolving power and low noise 
background, it is necessary to maintain 
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the detector at a very low temperature. 
In spite of these limitations, the devel- 
opment of the semiconductor detector 
has represented a notable advance in 
nuclear particle instrumentation. 


CHERENKOV COUNTERS 


7.80. For studies of various nuclear 
particles and gamma-ray photons of 
high energy, another type of counter 
has attracted some interest. Its opera- 
tion is based on the production of what 
is known as Cherenkov radiation.* In 
1934, the Russian physicist P. A. 
Cherenkov reported that water and 
other transparent substances, such as 
glass and mica, emitted a weak bluish- 
white glow when exposed to gamma 
radiation.} The light is emitted mainly 
in the direction of the gamma-ray 
beam, and has a continuous spectrum 
from red to ultraviolet, at least. An 
explanation of this phenomenon was 
given, some three years later, by 
I. Frank and I. Tamm in Russia. It 
was shown that the production of 
Cherenkov radiation is a kind of elec- 
tromagnetic shock-wave effect, arising 
when an electrically charged particle 
travels through a medium with a 
velocity greater than the (phase) 
velocity of light in that medium.t 

7.81. The idea of using the luminous 
Cherenkov radiation, in conjunction 
with a photomultiplier tube, to count 
individual charged particles (or pho- 
tons) of high energy was put forward 
in the United States by I. A. Getting 
in 1947, and the first attempt to con- 
struct such a counter was made by 
R. H. Dicke shortly thereafter. Further 
development of the Cherenkov counter, 
as it has been called, was due to the 


* The Russian letter U, sometimes represented by 6, is here transliterated as Ch, in ac- 


cordance with the way it is pronounced. 


f Essentially the same effect, was observed in water by L. Mallet in France in 1929. 
_ 1 The velocity of light in a liquid or solid is consideràbly less than that in à vacuum or in 
air. In water, for Fuse the velocity of light is 2.25 X 10, and in ordinary glass about 


2 X 10", compared wit 


3.00 X 10” em per sec in a vacuum. 
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work of J. V. Jelley in England in 1951. 
In its simplest form, a Cherenkov 
counter is similar to a scintillation 
counter, except that the light flashes 
are generally much more feeble in the 
former case. The high-energy particles 
from an accelerator or from cosmic 
rays enter a transparent, material, e.g., 
water, or a block of glass or clear 
plastic, or a gas (carbon dioxide, sulfur 
hexafluoride, or Freon-12) under pres- 
sure. This material is enclosed in a 
vessel with its interior walls silvered 
or painted white to reflect all the light 
produced on to the cathode of a sensi- 
tive photomultiplier. The output pulses 
can then be counted. 

7.82. The Cherenkov counter, in 
various forms, has found application 
in the study of mesons, etc., in cosmic 
rays, and also of various particles and 
photons of high energy produced in the 
laboratory. In addition to having an 
exceptionally short resolving time, 
since the light pulse from a single par- 
ticle usually lasts less than a billionth 
of a second, there are other special 
features of the counter which contrib- 
ute to its value. Because the radiation 
in a given medium is produced only 
when the speed of the charged particles 
is greater than the velocity of light in 
that medium, the Cherenkov counter 
can be used as a threshold detector, 
ie, to record only particles whose 
speed (or energy) exceeds a certain 
value. 

7.83. The angle (6) between the di- 
rection of light emission and the path 
of the initiating particle depends on the 
velocity (v) of the latter (Fig. 7.18). 
Consequently, the Cherenkov counter 
can be adapted to the determination 
of particle velocities (or energies). Par- 
ticles of different mass can be distin- 
guished in two ways: first, for the same 
velocity, ie., the same Cherenkov 
angle, the brightness of the flash (and 
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output pulse size) is proportional to the 
square of the atomic number and, 
second, for the same kinetic energy 
or range, the velocity of the particle 


PARTICLE 


Fic. 7.13. Formation of Cherenkov radia- 
tion by a charged particle. 


is inversely related to the square 
root of the mass number. There are 
other aspects of the Cherenkov counter 
which make it unique, but enough has 
been said to justify the interest in it 
as a device for studying high-energy 
particles. 


STATISTICAL Errors oF COUNTERS 


7.84. All individual nuclear events 
appear to be random in character, 
although when a large number of such 
events are examined a definite proba- 
bility pattern is evident. If any single 
radioactive nucleus. were considered, 
it would be impossible to say when 
it is likely to emit a particle. But, for 
a system consisting of a large number 
of nuclei of the given kind, the prob- 
ability that any nucleus will expel a 
particle is determined by the decay 
constant (§ 5.33). The same general 
(statistical) situation applies to nuclear 
events of all kinds. 

7.85. One of the consequences of the 
random nature of nuclear processes is 
that, if two successive readings are 
taken on the same counter exposed to 
a constant source of ionizing particles, 
the results will probably differ some- 
what. This is referred to as the sta- 
tistical error of the counter due to the 
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random nature of the events recorded. 
The probable error can be calculated 
theoretically, but from the practical 
standpoint it is important to note that 
the magnitude of this error is decreased 
by increasing the number of counts. 
The reason is that, as a rough approxi- 
mation, the standard deviation in 
counting, which is related to the aver- 
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age deviation from the true mean | 
number of counts, is equal to the - 
square root of the total counts taken. - 
Thus, for 100 counts, the standard 
deviation would be 10, which is 10 ` 
percent of the total; on the other hand, 
for 10,000 counts, the standard devia- 
tion is 100, i.e., only 1 percent of the 
total. 


TRACKS OF IONIZING PARTICLES 


Tons as CONDENSATION NUCLEI 


7.86. An important aspect of nuclear 
physics is the observation of the paths 
followed and the interactions under- 
gone by charged particles in their pass- 
age through matter. The first instru- 
ment to make possible visual observa- 
tion of the tracks of such particles was 
the Wilson cloud chamber. Although 
it has been largely superseded in 
modern high-energy physies by other 
devices, the development of the cloud 
chamber was of great significance. The 
basic principles were discovered by the 
English physicist C. T. R. Wilson in 
1896. Like J. S. Townsend, whose in- 
vestigations led to the development of 
methods for counting alpha and beta 
particles ($7.1), Wilson was working 
in the famous Cavendish Laboratory, 
presided over at that time by J. J. 
"Thomson. It was not until 1911, how- 
ever, that Wilson devised the first form 
of the instrument; which made possible 
the discovery of the positive electron 
(positron) as described in § 2.67, and 
also of the muon, various mesons, and 
other particles (Chapter 20). 

7.87. Air contained in an enclosed 
space can be saturated with the vapor 
of water or of any other liquid, the 
amount of the vapor necessary to pro- 
duce saturation decreasing as the tem- 
perature is lowered. Imagine a vessel 
A containing air saturated with water 


vapor enclosed by a piston B, which is 
maintained in position by the pressure 
of the air below it (Fig. 7.14). Suppose 
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Fie. 7.14. Schematic representation of 
Wilson eloud chamber. 


that, by means of a valve C, the pres- 
sure under the piston B is suddenly re- 
leased so that it falls; this will result in 
an instantaneous expansion of the gas 
in A. The sudden (adiabatic) expansion 
causes the air to be cooled, and it 
now contains more water vapor than 
is necessary for saturation at this 
lower temperature. If particles of dust 
are present in the air, they will act as 
condensation nuclei, and the excess of 
water vapor will separate out as fine 
droplets of liquid in the form of a cloud 
or mist. If, on the other hand, there are 
no dust particles, the air will become 
supersaturated with vapor, and no 
condensation will occur unless there 
has been considerable expansion ac- 
companied by a marked fall of temper- 
ature. : 
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7.88. In 1887, the versatile German 
physicist H. von Helmholtz. (§ 3.75), 
and others, had found that electrifica- 
tion brought about condensation in 
steam jets, and J. J. Thomson in 1893 
had provided a theoretical interpreta- 
tion of these facts. But it was C. T. R. 
Wilson who, in 1896, discovered that 
when dust-free air saturated with 
water vapor was exposed to X-rays, it 
behaved on expansion just as if it con- 
tained dust particles. Later he showed 
that the radioactive radiations from 
uranium and the electrons produced by 
the photoelectric effect of ultraviolet 
light on zine (8 2.48) had a similar in- 
fluence. Wilson suggested that the 
positively and negatively charged ions 
formed in the air by the radiations 
acted, like dust particles, as condensa- 
tion nuclei; this was confirmed when 
he proved that no condensation would 
take place on expanding the saturated 
air after the ions had been.removed by 
an electric field. 

7.89. The background of Wilson’s 
discovery provides a striking example 
of the consequences of scientific curi- 
osity and observation. In the address 
which he gave following the award to 
him of the Nobel Prize for Physics in 


1927, Wilson described how in 1894, 


when he was still a young student, he 
spent a few weeks during the summer 
in the observatory on the summit of 
Ben Nevis, in Scotland. ‘The wonder- 
ful optical phenomena shown when the 
sun shone on the clouds... ,” he 
said, “greatly excited my interest, and 
made me wish to imitate them in the 
laboratory. At the beginning of 1895, 
I made some experiments for this pur- 
pose—makíng clouds by expansien of 
moist air. . . . Almost immediately I 
came across something which promised 
to be of more interest than the optical 
phenomena which I had intended to 
study." Early in 1896, Wilson obtained 


access to an X-ray tube, a novelty 
which was attracting great interest 
among scientists at the time, and it 
was then that he discovered the effect 
of ionizing radiations in facilitating 
the condensation of water droplets in 
saturated air cooled by expansion. 
Thus, he turned away from the study 
of the colors produced when light is 
scattered by clouds, to investigate the 
phenomenon of condensation on gase- 
ous ions which has proved of such great 
value in many aspects of nuclear 
science. 


Tue Witson Croup CHAMBER 


7.90. C. T. R. Wilson's discovery 
was first put to practical use in the 
early attempts to determine the mag- 
nitude of the electrie charge carried by 
gaseous ions. Observations were made 
on the clouds produced when air satu- 
rated with water vapor was exposed to 
various ionizing radiations, as indi- 
cated in $ 2.31. It was in 1911, how- 
ever, that Wilson showed that the path 
of a single ionizing particle could be 
rendered visible. The apparatus, which 
has become known as a cloud chamber, 
for the obvious reason, is similar in 
principle to the device depicted in Fig. 
7.14. The air is saturated with water 
vapor and the piston is allowed to drop 
to such an extent as will expand the 
volume of the air by a factor of 1.25 
to 1.37, this being the range in which 
cloud formation can occur. 

7.91. If an ionizing particle enters 
the chamber either immediately before, 
during, or immediately after the ex- 
pansion, the ions left in its path will 
act as condensation nuclei; a close 
array of fine droplets, i.e., a kind of 
linear cloud, called a cloud. track, will 
thus be formed. By using suitable 
strong illumination D from the side, 
the track appears as a white line on a 
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dark background. This can be photo- 
graphed by means of two cameras at 
right angles, as shown at E and F, so 
that a record can be obtained from 
which the path of the single ionizing 
particle in three dimensions can be 
studied. 

7.92. The cloud tracks produced by 
a group of alpha particles are shown 
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while it is true that the Brownian 
movement (§ 1.58) gives a magnified 
picture of molecular motion, that ion- 
ization counters permit individual 
alpha particles and electrons to be 
counted, and that flashes produced by 
single particles are rendered visible 
in various scintillation devices, it is 
the cloud track which provides perhaps 


Fra. 7.15. Cloud-chamber tracks produced by alpha particles from polonium-210. (From 
F. Rasetti, Elements of Nuclear Physics, Prentice-Hall, Inc.) 


in Fig. 7.15. It is seen that, in general, 
the particles travel in straight lines, 
although near the end of their paths, 
when their speeds have been greatly 
diminished, the particles may suffer 
sharp deflection, presumably as the re- 
sult of impacts with the nuclei of oxy- 
gen or nitrogen present in the air. 
7.93. Apart from their many appli- 
cations in the study of ionizing parti- 
cles, radiations, and even neutrons, to 
which reference will be made in the 
course of this book, the Wilson cloud- 
chamber photographs have a signifi- 
cance that is fundamental to the 
atomic theory as a whole. As Lord 
Rayleigh (4th Baron) has pointed out, 


the most convincing evidence of the 
reality of the atom. The track pro- 
duced by an alpha particle indicates 
the path of a single helium nucleus, 
and deviations from a straight line show 
exactly where an encounter with an- 
other atomic nucleus has occurred. 
7.94. Since the construction of the 
first Wilson cloud chamber in 1911, the 
apparatus has been improved in many 
ways, although the fundamental prin- 
ciple remains unchanged. In order to 
record rare nuclear phenomena, it is 
necessary to take many photographs, 
and in 1921 the Japanese physicist, 
T. Shimizu, working in England, de- 
vised a means for doing this automati- 
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cally. The piston of the cloud chamber 
was attached to an electrie motor and 
the appropriate expansion, followed by 
compression to the initial volume, took 
place at regular intervals of a few sec- 
onds. After each expansion a photo- 
graph of such tracks as may have been 
formed was taken on a moving film, 
and then the chamber was cleared of 
charged particles by an electric. field; 
it was then ready for the next cycle of 
compression and. expansion. Because 
the expansion was not sufficiently sud- 
den, the cloud-track photographs were 
somewhat blurred, but this difficulty 
was overcome by P. M. S. Blackett, in 
England in 1927, by using a spring 
mechanism in place of the motor to 
move the piston of the cloud chamber 
at regular intervals. 

7.95. Instead of operating the cham- 
ber regularly but intermittently, cloud 
chambers, particularly those used in 
the study of cosmic rays (Chapter 19), 
have been constructed to function 
automatically at the critical moment. 
Geiger (or other) counters are placed 
at the top and bottom of the chamber 
and when an ionizing particle passes 
through both of them, and hence 
through the chamber, a relay is oper- 
ated which causes expansion of the 
gas and condensation of droplets of 

“water on the ions left by the particle. 
The track of the latter is consequently 
revealed by a photograph taken at the 
same time. 

7.96. In the earlier cloud chambers a 
layer of water or oil was used on the 
floor of the chamber as a seal for the 
piston, and this meant that the instru- 
ment could be used only in the hori- 
zontal position. A decided advance in 
design was made by C. T. R. Wilson in 
1933 when he constructed a cloud 
chamber in which the piston was re- 
placed by a thin rubber diaphragm 
fixed at its edge. The diaphragm was 
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maintained in a state of tension by 
means of compressed air in the back 
(or lower part) of the chamber, and 
when this was released the gas in the 
chamber underwent sudden expansion. 
A cloud chamber of this type can be 
used in any desired position. 

7.97. The foregoing description has 
referred to. water as the liquid used to 
saturate the air in the Wilson cloud 
chamber, but it became more common 
to employ ethyl or propyl alcohol or a 
mixture of alcohol and water. The use 
of alcohol in this. connection gives 
better condensation on positive ions 
ia does water alone and, in addition, 
tHe extent of expansion necessary for 
droplet formation is diminished from 
1.25 to about 1.10 at ordinary pres- 
sures. Although air is the usual gas, 
cloud chambers containing argon are 
sometimes employed, and the pressure 
may range from below atmospheric to 
about 200 atmospheres. The higher 
pressures are desirable for the study 
of high-energy (or long-range) parti- 
cles which might otherwise pass right 
through the chamber without taking 
part in an event of interest. In cosmic 
ray work, plates of a dense metal, such 
as lead, have often been placed across 
the cloud chamber to ensure interac- 
tion of the high-energy particle; the 
resulting secondaries are then rendered 
visible by their cloud tracks (8 19.9). 

7.98. For the study of radioactive 
radiations and for many similar pur- . 
poses, relatively simple cloud cham- 
bers, with air at ordinary pressure, are 
quite adequate. Because of the low 
penetrating power of alpha particles, 
the source of the radiation must be 
inside the chamber, but a substance 
emitting beta particles can be placed 
outside and the rays allowed to enter 
through a “window.” Gamma rays and 
X-rays yield cloud tracks because they. 
liberate electrons which produce ion- 
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ization in their paths ($7.5). These 
tracks are, however, very faint. 

7.99. By making visible the actual 
track of an ionizing particle, the cloud 
chamber permits the measurement of 
the range of the particle from which its 
energy can frequently be calculated 
(§ 8.20). By counting the drops in the 
cloud track the specific ionization can 
be determined and the nature of the 
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of equation (2.8). Furthermore, the 
direction of the curvature indicates the 
sign of the electric charge of the ion- 
izing particle; as seen in § 2.69, this 
fact played an important role in the 
discovery of the positron. 


DIFFUSION CLOUD CHAMBERS 


7.100. A conventional cloud cham- 


ber has a relatively long recovery time 


Fia. 7.16... Faint cloud tracks produced by beta particles from bismuth-210; the curva- 
ture of the tracks was caused by a magnetic field. (From F. Rasetti, Elements of Nuclear 
Physics, Prentice-Hall, Inc.) 


particle identified; it is thus possible 
to distinguish between an alpha par- 
ticle, a proton, a meson, and an elec- 
tron. The alpha particle has the highest 
specific ionization and gives a short 
dense track, while an electron, unless 
it is moving with very high speed, 
leaves a track that is diffuse and 
tortuous (Fig. 7.16). By determining 
the radius of curvature of the cloud 
track in a magnetic field of known 
strength, the momentum of the parti- 
cle, i.e., the product of its mass and 
velocity, can be determined by means 


—10 to 60 sec—after expansion, so 
that it may often miss an interesting 
nuclear event. The concept of a con- 
tinuously sensitive cloud chamber was 
proposed by A. Langsdorf in the 
United States in 1939. The device he 
constructed, called a diffusion cloud 
chamber, was somewhat complex and 
it was not until 11 or 12 years later 
that simpler forms were designed and 
operated successfully. 

7.101. Essentially, the diffusion 
chamber consists of a vessel, contain- 
ing air or other gas, which is kept 


—_ 
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warm at the top and cold at the 
bottom; a supply of a volatile liquid 
is available, e.g., in a circular trough, 
near the top. The liquid vaporizes in 
the warm (top) region, where the vapor 
pressure is high, and continuously 
diffuses to the bottom (cold) region, 
where the vapor pressure is low and 
condensation occurs. Somewhere in 
between the air is supersaturated with 
vapor and the conditions are right for 
the growth of droplets around ions, 
just as is the case immediately after 
expansion of a conventional cloud 
chamber. The diffusion cloud chamber 
thus remains continuously sensitive to 
ionizing particles, until the supply of 
the volatile liquid is exhausted. 

7.102. In order to increase: the fre- 
quency of occurrence of nuclear events, 
the pressure of the gas in the chamber 
is increased. Diffusion chambers have 
been operated with hydrogen or helium 
gas at pressures up to about 35 atmos- 
pheres. The best volatile liquid has 
been found to be methyl alcohol, with 
ethyl alcohol only slightly inferior. In 
the former case, the temperature at 
the top of the chamber is about 30°C 
and that at the bottom around —70°C. 
For reliable functioning, reasonably 
good temperature control is desirable. 
The main drawback of the diffusion 
cloud chamber is that, at best, the 
Sensitive region is no more than 3 
inches (7.5 cm) deep. Nevertheless, 
the continuously sensitive chamber has 
found many uses in the past, especially 
in the study of high-energy particles 
obtained from accelerators in the labo- 
ratory. 


Tue BUBBLE CHAMBER 


7.103. The basic disadvantage of 
condensation cloud chambers, both of 
the expansion and diffusion types, is 
that, because of the low density of the 


` 
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gas, significant phenomena are not 
very frequent. The situation can. be 
improved by pressurizing the gas, or 
by inserting metal plates, as already 
noted, but it is still not too good. 
Photographic emulsions, described in 
§ 7.141, have much greater stopping 
power, but they have other limitations. 
In 1952, D. A. Glaser, at the University 
of Michigan, conceived the idea of 
using a superheated liquid to display 
the tracks of ionizing particles, just as 
a cloud chamber utilizes a supersatu- 
rated vapor. The instrument based on 
this concept is called a bubble chamber 
because the tracks consist of a series of 
closely spaced bubbles, analogous to 
the small droplets of liquid in the cloud 
chamber. 

7.104. Normally, a liquid will boil, 
with the evolution of bubbles of vapor, 
when the temperature reaches the 
boiling point. If the containing vessel 
is clean and has no rough surfaces, 
however, it is possible to superheat the 
liquid above its boiling point without, 
ebullition (or bubble formation) taking 
place. Glaser found that when such a 
superheated liquid was exposed to 
nuclear radiation, the resulting ions 
acted as nuclei for the production of 
small bubbles. The bubbles are spaced 
at something like a hundredth of an 
inch apart, or less, depending on the 
specific ionization of the initiating par- 
ticle, so that they appear as a fairly 
continuous track which indicates the 
path of the particle. As in the cloud 
chamber, the tracks can be photo- 
graphed against a dark background 
(Fig. 7.17). In the modern, large bubble 
chambers, three or four stereo cameras 
are used; for one pair of cameras the 
stereo axis is parallel to the direction 
of the particle beam, whereas for the 
other pair it is at right angles. The 
most accurate measurements can then 
be obtained from the photographs with 
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the stereo axis most nearly perpendicu- 
lar to the track direction. 

7.105. The medium in the first bub- 
ble chambers was ordinary (diethyl) 
ether, but liquid hydrogen, deuterium, 
helium, propane, and other liquids 
have been utilized successfully for dif- 
ferent purposes. In some experiments, 
for example, it is desired to study the 
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chamber medium of interest is liquid 
helium, in spite of the extremely low 
temperature (—270°C, 1 atm) that is 
necessary, because the nuclei are the 
simplest with a resultant spin of zero. 
Where stopping power is the main ob- 
jective, e.g., in studying the interac- 
tions of neutral particles and gamma 
rays, à liquid containing heavy atoms 


Fic. 7.17. Charged particle tracks in liquid-hydrogen bubble chamber in a magnetic 

field; the spiral-like tracks are produced by low-energy electrons. The particles respon- 

sible for the main tracks are indicated at the right; see also § 20.96 footnote. (Lawrence 
Radiation Laboratory, University of California.) 


interaction of particles with protons; 
the liquid in the chamber is then 
hydrogen. To avoid the need for low- 
temperature (—246?C, 5 atm) opera- 
tion with liquid hydrogen, propane 
(CiHs) is commonly used in bubble 
chambers (8 7.106). It has almost 1.3 
times as many hydrogen nuclei (pro- 
tons) per unit volume, but the carbon 
nuclei present are sometimes a draw- 
back. For observations on neutron 
interactions, liquid deuterium, with a 
neutron fairly loosely bound to a pro- 
ton, is employed. Another bubble 


is favored. Examples are the Freon- 
type (13B1) compound trifluorobromo- 
methane (CF;Br) and liquid xenon; the 
former has the advantage that it can 
be used just above room temperature 
(80°C, 18 atm). 

7.106. The operation of a bubble 
chamber is similar in many respects to 
that of an expansion cloud chamber. 
The liquid is compressed and the tem- 
perature is raised to well above the 
normal boiling point at atmospheric 
pressure. For example, propane, which 
boils at —42°C at a pressure of 1 at- 
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mosphere, is compressed to about 21 
atmospheres and heated to a tempera- 
ture of 58°C. The pressure is then 
decreased suddenly ‘and the liquid 
becomes superheated. In this condition 
it is sensitive to the passage of ionizing 
particles. Even if no such particles 
enter the bubble chamber, boiling, 
with bubble formation, will inevitably 
occur within a short time. The period 
of sensitivity is thus relatively short. 
Regardless of whether a particle track 
is formed or not, the liquid must be 
recompressed before it is again ready 


for operation. Ion-pairs produced by 


charged particles are removed by a 
clearing electric field before recom- 
pression. 

7.107. The earliest bubble chambers 
had linear dimensions of only an inch 
or two and were made of smooth glass 
or were lined internally with glass. The 
smooth surface was necessary to pre- 
vent spontaneous boiling of the super- 
heated liquid which takes place at 
irregularities. As a result of experience, 
larger and larger chambers were con- 
structed, but the apparent need to 
have an interior free from rough spots 
and discontinuities seemed to place a 
practical limit on the chamber size. It 
appeared to L. W. Alvarez at the Law- 
rence Radiation Laboratory, Berkeley, 
however, that if the chamber were 
sufficiently large and the pressure of 
the compressed liquid were decreased 
rapidly, good tracks could be obtained 
in the interior in spite of the fact that 
bubbles were formed at the walls. 
This conjecture proved to be correct 
and a chamber 72 inches long, contain- 
ing 520 liters of liquid hydrogen, was 
first operated successfully at Berkeley 
in 1959. The vessel was made of stain- 


less steel with glass ports at the top for 
the viewing cameras. This was the first 
of the so-called “dirty” bubble cham- 
bers. Subsequently, an 80-inch hy- 
drogen chamber was built at the 
Brookhaven National Laboratory and 
a similar one is in use at CERN.* But 
even larger bubble chambers, up to 14 
feet in length, are either being designed 
or are under construction in the United 
States and elsewhere. These will be re- 
quired as accelerators produce particles 
of higher and higher energies (Chapter 
9). 
7.108. Like the original cloud cham- 
ber, the bubble chamber is not con- 
tinuously sensitive. Furthermore, the 
relatively slow expansion, i.e., decrease 
in pressure, of the liquid does not 
permit the process to be initiated by 
an ionizing particle, in the manner de- 
scribed in § 7.95. Another matter that ` 
has to be taken into consideration is 
that a “dirty” bubble chamber is sensi- 
tive for only a few milliseconds} after 
the pressure reaches its minimum. Sub- 
sequently, the bubbles formed spon- 
taneously at discontinuities, ete., grow 
so large that they interfere with the 
photography of the particle tracks. 
Once the liquid has been expanded, it 
takes some time for the bubble cham- 
ber to recover sufficiently for another 
set of tracks to be recorded. Although 
chambers with recovery times as short 
as one twentieth (0.05) of a second 
(50 milliseconds) have been described, 
large bubble chambers generally re- 
quire about one to five seconds to re- 
cover. These drawbacks are overcome 
by using bubble chambers in connec- 
tion with high-energy particle acceler- 
ators which function in a pulsed, i.e., 
intermittent, manner, as explained in 


*The name CERN is derived from the initials of the Conseil Européen pour la Recherche 
Nucléaire, the European Organization for Nuclear Research, with laboratories near Geneva, 


Switzerland. 


T A millisecond is a one-thousandth part (1077) of a second. 
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Chapter 9. The chamber can then be 
timed to operate in coincidence with 
each pulse of particles from the accel- 
erator. 

7.109. Bubble chambers are almost 
invariably placed in a magnetic field of 
known strength; the momentum of the 
charged particles can then be deter- 
mined from the radius of curvature of 
the bubble track. For particles of high 
momentum, the curvature is small and 
difficult to measure unless a strong 
magnetic field is used. Large amounts 
of power are then required to energize 
the magnet and the heat generated in 
the coils must be removed by adequate 
cooling. Consequently, there has been 
much interest in the possibility of con- 
structing superconducting magnets for 
use with bubble chambers. When 
cooled to extremely low temperature, 

‘certain metals and alloys lose their 
resistance to the passage of an electric 
eurrent and are then called supercon- 
ductors. Once a flow of current has been 
started in a superconductor, it will 
continue in a closed circuit indefinitely, 
even after the source of the current 
is removed. 

7.110. An electromagnet with the 
exciting current carried by coils of a 
superconducting material would func- 
tion with no power expenditure except 
that required to maintain the nec 
low temperature. The problem in the 
construction of such superconducting 
magnets of appreciable size has been 
the difficulty of producing cable with 
satisfactory physical and mechanical 
properties at a reasonable cost. In 
recent years, certain metallic com- 
pounds (alloys) of niobium, e.g., with 
tin, titanium, or zirconium, have been 


developed for fabrication into super- | 


conducting cables. The first, successful 
operation of a bubble chamber, 10 
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inches in diameter, with a supercon- 
ducting magnet was achieved at the 
Argonne National Laboratory in 1966. 
The liquid helium used in the chamber 
also served to provide the low tempera- 
ture needed to maintain the super- 
conductivity of the coil material. The 
possibility is being examined of uti- 
lizing superconducting magnets for 
large bubble chambers. 

7.111. Asalready mentioned, bubble 
chambers are commonly operated in 
conjunction with particle accelerators. 
The liquid in the chamber is com- 
pressed and at a suitable instant an 
expansion valve is opened and the 
pressure drops in 10 to 15 milliseconds. 
The timing is such that the particle 
beam from the accelerator enters the 
bubble chamber just prior to the pres- 
sure minimum. A few millisecónds 
later, powerful lights flash on and the 
tracks are recorded on a photographic 
film which moves forward automati- 
cally after each exposure; the motion 
of the film requires about 10 milli- 
seconds. If the recovery time of a large 
bubble chamber is 3 sec, for example, 
the cycle can be repeated 20 times per 
minute; this is the pulse rate of the 
Alternating Gradient Synchrotron ac- 
celerator at the Brookhaven National 
Laboratory (§ 9.88). For accelerators 
which emit particle pulses at more fre- 
quent intervals, smaller bubble cham- 
bers, with shorter recovery times, are 
employed. 


ANALYSIS OF BUBBLE CHAMBER 
Events 


7.112. The use of bubble chambers 
has grown to such an extent that a 
laboratory associated with a large 
accelerator may be faced with the 
problem of analyzing millions of track 
photographs a year.* It is natural, 


* It was reported in 1966 that the three bubble chambers at the large acceler 
were producing photographs at an average rate of about 100,000 a eie HER CER 


L 
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therefore, that various mechanical and 
electronic devices, including computers, 
are being utilized to expedite the proc- 
ess of interpreting the numerous obser- 
vations. A simplified account of the 
methods used is given below; it will 
serve to illustrate the general princi- 
ples on which automatic and semiauto- 
matic systems of charged-particle track 
analysis are based. 

7.113. The developed film obtained 
from the bubble-chamber camera gen- 
erally shows many tracks, largely as a 
result, of the manner in which the 
chamber is operated in conjunction 
with a pulsed accelerator. The first step 
in the analysis, called scanning, in- 
volves the selection of events of signifi- 
cance to the experimenter, as indicated 
by certain combinations of particle 
tracks. In the procedure that has been 
followed in the past, a magnified image 
of the film is projected onto a scanning 
table and is inspected by a human 
observer. The locations of interesting 
events are recorded, other extraneous 
tracks being ignored, at least for the 
moment. Automatic methods of track 
pattern recognition are being devel- 
oped and they will undoubtedly come 
into general use in due course. Al- 
though such machine scanning will 
speed up the rate at which bubble 
chamber exposures can be processed, 
it will probably not completely replace 
the human observer. The reason is that 
the machine is able to recognize only 
those events for which it has been pro- 
grammed, but the human can call 
attention to unexpected features which 
may lead to new discoveries. 

7.114. The next stage in track analy- 
sis, commonly known as tracking, can 
involve various degrees of automation. 
In one method, a specially designed 
projection microscope throws on to a 
translucent screen a highly magnified 
image of the event selected in the 


scanning procedure. The operator then 
places the image of a small cross (or 
reticle) from the tracking device on to 
a point where several tracks meet, i.e., 
a vertex, and then directs the reticle 
along one of the tracks. An automatic 
mechanism, which includes a photo- 
electric cell, then causes the reticle to 
follow the track automatically with the 
minimum of human guidance. At short 
intervals, the operator presses a button 
and thereby records on punched cards 
or magnetic tape the coordinates of 
points along the track. In some track- 
ing systems, the coordinates are ob- 
tained directly in digital, i.e., numeri- 
cal, form that can be supplied directly, 
i.e., “on line," to a computer, without 
the intermediate use of cards or tape. 
In some such manner, complete three- 
dimensional details of the bubble- 
chamber event are obtained in a form 
that can be handled by à computer. 

7.115. The tracking operation is 
greatly expedited by utilizing a flying- 
spot digitizer. In this system, a small 
spot of light is moved rapidly, either 
by mechanical or electronic means, 
across and down the image of the 
bubble-chamber event; the whole area 
is traversed in a manner similar to that 
employed in a television camera. Each 
time the moving spot of light crosses 
a track, coordinates of the point are 
expressed in digital form that can be 
supplied directly to an on-line com- 
puter. In order to prevent the flying 
spot from picking up every track on 
the film, a rough delineation of the 
event to be studied is first made by 
hand. A computer then constructs a 
mask around the tracks which are to 
be measured and blocks out all others. 
Automatic scanning, mentioned in 
§ 7.113, is being combined with auto- 
matic tracking to increase further the 
rate at which bubble-chamber events 
can be analyzed. 
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7.116. The complete coordinates of 
the event of interest, obtained by one 
of the procedures described above, are 
next treated by a computer to yield 
what is called the geometry of the event. 
The quantities determined are “the 
angles between the various tracks at 
the vertex of the event, the lengths of 
the tracks, and their respective radii 
of curvature. By utilizing these data, 
the exact form of the event, in three- 
dimensions, can be reconstructed if 
desired. From the curvatures of the 
tracks, in the magnetic field of known 
strength, the computer derives the 
momenta of the various particles in- 

. volved in the bubble-chamber event. 

7.117. For the next stage, which is 
kinematic analysis, it is required to 
know the masses of the particles that 
produce the observed tracks. The de- 
termination of particle mass is gener- 
ally based on the fact that the bubble 
density along a track is related to the 
mass of the ionizing particle forming 
the given track (cf. $ 2.111 footnote). 
The length of a track that terminates 
in the bubble chamber, i.e., the range, 
can also provide information on the 
mass of the particle. Particle masses 
can often be estimated visually or they 
can be obtained by means of a suitable 
computer program. Since the momenta 
have been determined, the velocities 
can then be evaluated. 

7.118. The kinematic analysis, made 
by the computer at; each vertex of an 
event, is based on the laws of conserva- 
tion of momentum and of kinetic 
energy.* It is to make this analysis 
possible that the velocity, as well as 
the momentum, of the particles must 
be known. The computer is pro- 
grammed to try various possible inter- 
action mechanisms that might account 


* Although momentum is generally given by mv and kinetic energy b: 
MAU or relativistic effects ($3.63) arising from the 


must often be made in kinematic 
high velocities of the particles. 
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for the given event. The program takes 
into account that momentum and 
energy must be conserved in two direc- 
tions at right angles; this automatically 
includes conservation in the third di- 
rection in space. If the first possible 
mechanism does not satisfy the con- 
servation requirements, the computer 
proceeds to the next mechanism, and 
so on until the correct one is found. If 
the computer rejects all the pro- 
grammed mechanisms, it means that, 
provided there has been no error in 
determining the geometry, the event 
is of an unexpected type; further anal- 
ysis may then result in a new discovery. 
In addition to identifying the mecha- 
nism of the bubble-chamber event, the 
kinematic analysis can provide the 
mass of a neutral particle involved in 
certain events. Although such a parti- 
cle does not produce a track, since it 
has no electric charge, its momentum 
and energy, and hence its mass, can be 
derived from the conservation require- 
ments. 

7.119. Nuclear (or subnuclear) proc- 
esses are, like radioactivity, statistical 
in nature (§ 7.84). In many studies 
with high-energy particles it is neces- 
sary to analyze a large number of 
bubble-chamber events and then to 
plot the data in a suitable manner to 
obtain the probability distribution of 
the various events. This statistical 
analysis can also be performed by a 
computer. The results are then dis- 
played in some convenient graphic 
manner for ease of interpretation. 


Tug Spark CHAMBER 


7.120. A device for observing the 
tracks of ionizing particles, called the 
spark chamber, has attained important 
status since 1959 for the study of cos- 


Vámv*, allowance 
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mic rays and high-energy particles 
produced by accelerators. The basic 
principle of operation is as follows. 
Suppose a high voltage is maintained 
between two plates (or electrodes) in a 
gas but the electric field is not quite 
strong enough to permit the passage 
of a spark. If an ionizing particle enters 
the gas space, a spark will pass and it 
will tend to follow the path of the ion- 
pairs produced by the particle. Thus, 
the track of the particle can be deline- 
ated by the spark. Many different 
types of spark chambers have been 
developed and some have been de- 
signed specifically to permit automatic 
recording of the coordinates (or loca- 
tion) of the spark, and hence of the 
ionizing particle, as it traverses the 
space between the electrodes. 

7.121. The passage of a spark 
through a gas that had been ionized 
by nuclear radiation was used by 
H. Greinacher (§ 7.28) in 1935 as a 
means of detecting alpha particles. 
The concept was developed into a 
satisfactory counter by W. Y. Chang 
and S. Rosenblum in 1945, but instru- 
ments of this type were used to a minor 
extent only because other devices were 
more convenient. In 1949, J. W. Keuffel 
in the United States, in reporting on 
experiments with a parallel-plate spark 
counter, noted that the discharge was 


‘apparently localized in the neighbor- 


hood of the ionizing particle, and he 
suggested that a spark might be used 
to determine the path of the particle. 
The localization of the spark discharge 
was confirmed by F. Bella and 
C. Franzinetti in Italy in 1953, and 
the first photographs of a set of sparks 
lying along the track of a charged 
particle were given in 1955 in the doc- 
toral thesis of P. G. Henning in 
Germany. 


7.122. The modern spark chamber 
stems from the work described in 1957 
by the British physicists T. E. Cran- 
shaw and J. F. de Beer. The instrument 
they devised differs in only one impor- 
tant respect from the type which came 
into general use some two or three 
years later: it used air as the gas be- 
tween the plates in the spark chamber. 
In air, only one particle track can be 
formed at a time, but in 1959 S. Fukui 
and S. Miyamoto in Japan found that 
with neon several particle tracks could 
be observed simultaneously in the 
spark chamber. Following upon this 
important improvement, spark cham- 
bers have been constructed in labora- 
tories in all countries where work on 
high-energy nuclear (and subnuclear) 
particles is being performed. 

7.123. Basically, the  multiplate. 
spark chamber consists of parallel 
plates (or sometimes concentric cylin- 
ders) of & conducting material, e.g., a 
metal or carbon, commonly spaced 
from about 2 mm to 3 cm apart.* The 
number of plates may range from a 
few to a hundred or more, and their 
size, which may be as large as 6 feet 
square, is determined by convenience 
and the nature of the experiments for 
which the chamber is required. Alter- 
nate plates are connected to a high- 
voltage direct current pulse generator 
so that an electric field of the order of 
10,000 volts per cm can be applied 
between adjacent pairs of plates; the 
other plate of each pair is grounded 
(Fig. 7.18). The gas in the chamber is 
frequently either neon or argon or a 
mixture with helium, e.g., 90 percent 
neon and 10 percent helium, at about 
atmospheric pressure. By placing suit- 
able counters at the ends of the cham- 
ber, the event to be studied is made to 
trigger the high-voltage generator 


gaps are considerably larger in the special wide-gap chambers with only two or three 


*The 
plates (§ 7.130). 
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(§ 7.95). A series of sparks will then 
pass between the pairs of plates, follow- 
ing the track of the particles, through 
the chamber, Photographs taken with 
suitable cameras can then provide a 
three-dimensional representation of the 
track. In some modifications of the 
spark chamber, the coordinates of the 
sparks are obtained in other ways 
(§ 7.131 et seq.). 


PLATE, 


Fic. 7.18. Schematic representation of 
spark-chamber circuit. 


7.124. In order to prepare the spark 
chamber for recording the path of an- 
other particle, any ion-pairs present 
between the plates must be removed, 
whether a spark has passed or not. This 
is achieved by means of a direct cur- 
rent clearing field of about 200 volts 
per cm, applied continuously in a direc- 
tion opposite to that of the high-voltage 
(spark) field.* As a result of the clear- 
ing action, a spark can form only if the 
high voltage is attained within about a 
millionth of a second after the entry of 
an ionizing particle. In other words, 
the sensitive time of the spark chamber 
is of the order of a microsecond.f The 
trigger system must consequently be 
designed to permit the high-voltage 
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pulse to reach its maximum within a 
shorter time interval. In practice, the 
delay time between the passage of the 
particle through the chamber and 
the maximum of the voltage pulse is 
usually about 0.2 microsecond. The 
spark produces a dense ionization in 
its path and this must be removed by 
the clearing field before the chamber is 
ready to record the track of another 
particle. The recovery time depends 
on the gas, the design of the chamber, 
and the energy of the spark, but it is 
usually between one and 10 milli- 
seconds. If the spark track is recorded 
photographically, advancing the film 
on the camera extends the recovery 
time to about 20 milliseconds. This is 
still very short in comparison with the 
recovery times of conventional cloud 
Chambers and of most bubble cham- 
bers. 

7.125. The number, thickness, Spac- 
ing, and material of the plates in a 
spark chamber are varied to suit the 
experimental requirements (Fig. 7.19). 
The chamber can be operated in a mag- 
netic field; the momentum (and charge 
sign) of the ionizing particle can then be 
determined in the usual manner from 
the curvature of the track. In this type 
of experiment the plates are commonly 
made of very thin aluminum, to mini- 
mize energy absorption from the parti- 
cle, and they are closely spaced to- 
define the track more accurately. In 
their passage between adjacent plates, 
the sparks tend to be perpendicular to 
the plates, as seen in Fig. 7.20. A better 
definition of the actual track of the 
particle can then be obtained if the 
sparks are short, i.e., the distances be- 
tween adjacent plates are small. In 
some instances, it is desired to study 
the interactions of specific particles 
with matter; the plates are then usually 


* Clearing fields were used in cloud and bubble cham but the: t. i D 
t A microsecond is a one-millionth part (10~) of a re s diio oiingan 
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thicker and are made of either carbon 
or a metal, such as iron, lead, tantalum, 
or brass. Since the density of nuclei in 
the gas between the plates is small, the 
interactions take place almost exclu- 
sively within the solid plates, as is the 
case in Fig. 7.20. The interplate gaps 
may then be moderately large. 


Fic. 7.19. Columbia University spark chamber at the Alternating Gradient Synchrotron, 


high-voltagegeneratoris triggered. This 
makes it possible to select for study an 
individual event produced by one par- 
ticle among the many passing through 
the chamber at a rate that may be as 
high as a million per second. 

7.127. The event of interest is se- 
lected by an arrangement of counters, 


(Brookhaven National Laboratory) 


7.126. Apart from the simplicity of 
construction and operation and the 
flexibility in design, the spark chamber 
has one great advantage over other 
chambers. Provided the high-voltage 
pulse has not been triggered, the clear- 
ing field will remove in about a micro- 
second all ion-pairs that may have been 
formed in the spark chamber. Conse- 
quently, the tracks which are actually 
recorded, photographically or in other 
ways, are only those produced within 
a microsecond or so of the instant the 


called a “logic” circuit, located either 
inside or outside the chamber; only 
when the circuit responds correctly is 
the high-voltage pulse triggered. It 
should be noted that the logic circuit 
selects the appropriate event after it 
has actually occurred in the chamber. 
This is not possible with a bubble 
chamber, although it is, but much less 
precisely, with a cloud chamber. 
Within about a fiftieth (0.02) of a 
second or less, a spark chamber is 
ready to record another event. The 
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Fig. 7.20. Photograph of spark-chamber tracks (above) and their interpretation (below). 
(From G. K. O'Neill, Scientific American, 207, No. 2, 42 (1962)) 


> 
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recovery times of the other chambers 
are, of course, much longer. 

7.128. There are two main draw- 
backs to a spark chamber as compared 
with a bubble chamber. First, the 
liquid in à bubble chamber may be 
chosen so as to restrict the interactions 


- of the incoming particle to those of a 


special type, as mentioned in § 7.105. 
Second, the coordinates of the tracks 
and of the points of interaction in a 
bubble chamber ean be defined with 
much greater aceuracy than is possible 


‘in a multiplate spark chamber because 


of the nature of the spark tracks 
(§ 7.125). In the spark chamber, the 
origin of an interaction event can be 
determined only to within a plate 
thickness, as can be seen in Fig. 7.20. 
Moreover, a secondary particle pro- 
duced in such an event must have à 
range of at least two or three plate 
gaps if it is to be recorded by the 
accompanying spark tracks. However, 
both spark and bubble chambers have 
their specific areas of usefulness in 
high-energy particle physies studies, 
and they are usually employed in dif- 
ferent, types of experiments. As a gen- 
eral rule, bubble chambers are preferred 
where the precise definition of the 
particle tracks, i.e., good space reso- 
lution, is desirable. Spark chambers, 
on the other hand, permit the selection 
of events of interest with a high repe- 
tition rate, i.e., they have better time 
resolution. 

7.129. Analysis of spark-chamber 
photographs can be carried out by 
ordinary ("hand") calculations or, 
where many exposures must be ana- 
lyzed, by computer techniques. The 
methods used are the same as those 
employed with bubble-chamber pic- 
tures (§ 7.112 et seq.) Since spark- 
chamber events of interest have been 
selected by the logic system, the pre- 
liminary scanning stage may not be 


required. Before the coordinates of the 
particle tracks from a multiplate cham- 
ber can be measured, however, it is 
necessary to draw continuous lines 
through the series of images produced 
by the sparks between adjacent plates 
(cf. Fig. 7.20). The tracking, geometry, 
and kinematic analysis are then per- 
formed in the manner already de- 
scribed. i 

7.130. In addition to the multiplate 
chambers described above, wide-gap 
(or track-delineating) chambers with 
only two or three plates have been 
employed since 1961, particularly by 
Russian physicists. The distance be- 
tween the plates is from 25 to 50 centi- 
meters. Except for small regions near 
the plates, the spark tends to follow 
the actual tracks of the electrically 
charged particles. The trajectory of a 
particle in a magnetic field, required 
for momentum determination, and the 
location of the apex (or point of origin) 
of an event can be established more 
precisely than in a multiplate chamber. 
Wide-gap chambers are of special value 
for observing the decay of an unstable 
particle in flight. For studying nuclear 
and subnuclear interactions, the. more 
conventional type of chamber might 
be preferred. 


FILMLESS Spark CHAMBERS 


7.131. Since 1963, various “‘filmless” 
spark chambers have been developed - 
in which photography of the spark dis- 
charge is avoided. The coordinates of 
the spark tracks in such devices are 
obtained directly in a form suitable 
for a computer to determine the geome- 
try of the event. The analysis of the 
spark-chamber data is thus greatly 
expedited. 

7.132. In one form of filmless cham- 
ber, images of the spark tracks in direc- 
tions at right angles are observed with 
vidicon-type television cameras. The 
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photoconducting material on the plate 
of such a camera retains the effect of 
an exposure for a sufficient time to 


permit scanning by an electron beam.” 


The output, which can be obtained in 
digital form, like that of a flying-spot 
digitizer, gives the coordinates of the 
spark tracks. The spark-chamber sys- 
tem with a camera can thus be used 
on-line with a computer. 

7.133. In the sonic spark chamber, 
small microphones are attached to two 
(or more) corners of alternate plates. 
The coordinates of the point at which 
the spark formed at a particular plate 
can then be derived from the times 
taken for the sound of the spark to 
travel from that point to the micro- 
phones. If only two microphones are 
used per plate, the velocity of sound 
in the chamber must be known. By 
locating microphones at each corner, 
however, this uncertain quantity can 
be eliminated. Similar data from each 
pair of plates in the chamber provide 

_ information: from which the complete 
geometry of the spark tracks can be 
computed. 

7.134. Two forms of filmless spark 
chamber have been designed in which 
the grounded plate of every pair is 
replaced by an array of closely spaced, 
parallel wires. A similar arrangement 
of wires could be used for the high- 
voltage plates, but solid plates are 
generally employed since they are more 
convenient and easier to fabricate. In 
one type of wire spark chamber, the 
wires are made from a magnetostric- 
tive material, ie. a ferromagnetic 
substance, such as a 50 percent iron-50 
percent cobalt alloy, which develops a 
mechanical strain due to deformation 
when magnetized. The passage of a 
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spark from a particular wire produces 
a local magnetic field and a deforma- 
tion occurs at the affected point; the 
deformation then travels along the wire 
to suitable detectors at each end. The 
ratio of the times between the firing of 
the spark and the arrival of the mag- 
netostrictive signals at the ends gives 
one coordinate of the spark track; the 
other coordinate is obtained by identi- 
fying the particular wire at which 
signals were received. Similar informa- 
tion from each set of wires in the spark 
chamber provides the complete coordi- 
nates of the event which occurred. 

7.135. Perhaps the most promising 
wire spark chamber is the one some- 
times referred to as a spark-chamber 
hodoscope.* It differs from the acoustic 
wire chamber in the respect that 
the wires constituting the alternate 
grounded plates are at right angles to 
each other. At one end, each wire is 
threaded through a ferrite core, such 
as is used in computer memory (or 
storage) devices. A ferrite material has 
two stable states of magnetization and 
either one can be converted to the 
other by a magnetic field, e.g., from an 
electric current. The ferrite cores asso- 
ciated with the wires from which the 
spark passes are “flipped,” that is to 
say, their magnetism is changed from 
one state to the other, by the spark 
current. The locations of the affected 
wires are determined by interrogating 
the cores in a manner similar to that 
employed in a computer; at the same 
time, the flipped cores are reset. Since 
successive planes of wires are at right 
angles, the information from the cores 
can give the coordinates of the spark 
track in three dimensions in digital 
form. 


* The term hodoscope, from the Greek, hodos, meaning path or track, is used to describe a 


device which provides a direct indication of 


appears to have been introduced by M. Conve 
tion with an instrument which showed only t 


produced in neon-filled tubes placed between 


he coordinates of a particle track. The name 
rsi and A. Gozzini in Italy in 1955 in connec- 
wo dimensions of a particle’s path by the glow 
two plates at high voltage. 
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7.136. Apart from the fact that the 
spark-chamber hodoscope can be used 
on-line with a computer, it has the 
advantage of a very short recovery 
time. The amount of energy required 
to flip a ferrite core is very small and 
a feeble spark, which would not give 
off enough light to be photographed, 
is adequate for this purpose. The 
amount of ionization produced and the 
time required to remove the charged 
particles are decreased correspond- 
ingly. The recovery time is thus about 
a millisecond or less. The time required 
to interrogate and reset the ferrite 
cores is so small that it does not affect 
the repetition rate of the spark- 
chamber hodoscope. 


SciNTILLATION-CouNTER HoposcoPE 


7.137. In some experiments with 
high-energy particles, it is desirable to 
make observations of interactions at 
very short intervals, even shorter than 
is possible with a spark-chamber hodo- 
scope. In these circumstances, the 
scintillation-counter hodoscope can often 
be used, although with some sacrifice 
in space resolution, i.e., in the accuracy 
of determining the coordinates of par- 
ticle tracks. The scintillation-counter 
hodoscope consists of an array of long 
thin rectangular strips, e.g., 25 em long 
by 0.5 cm wide by 0.5 cm thick, made 
of a plastic scintillator material ($7.51). 
These strips are set side by side to 
produce a sensitive planar area; thus, 
50 strips of the dimensions given above 
would cover an area of 25 cm by 25 cm. 
If a larger area is required, the strips 
are longer and generally both wider 
and thicker. 

7.138. With each scintillator strip is 
associated a photoelectric tube, and 
the passage of a charged particle 
through a given strip is indicated by 
the output signal from the correspond- 
ing phototube. This provides one co- 


ordinate of the particle track. To 
obtain the coordinates in the other two 
directions, it is necessary to build a 
hodoscope from several layers of scin- 
tillators arranged with the strips in 
successive layers at right angles. The 
digitized signals from the scintillation- 
counter hodoscope can be fed directly 
to an on-line computer for analysis, as 
described earlier. 

7.139. Because of the very short re- 
covery time of a scintillation detector 
(87.57), the hodoscope can record 
events at a much faster rate than can 
be realized even with a wire spark- 
chamber hodoscope. It is thus possible 
to study separately the interactions of 
particles arriving at frequent inter- 
vals. The accuracy with which the 
track coordinates can be determined 
in a scintillation-counter hodoscope is 
limited, since it is dependent on the 
width of the scintillator strip. For 
practical reasons, this is not generally 
less than 5 mm and so the possible 
error in locating the particle tracks 
may be as much as 2.5 mm. In a spark- 
chamber hodoscope, however, the error 
would be only 0.5 mt if the wires are 
1 mm apart. 


PHOTOGRAPHIC DETECTION 
or IONIZING PARTICLES 


7.140. During the 1940s there was 
a marked revival of interest in the use 
of photographic films and plates for the 
study of ionizing particles. It will be 
recalled that the phenomenon of radio- 
activity was discovered by A. H. 
Becquerel because of the action of the 
tadiations on sensitized plates (§ 2.99), 
and many applications of this effect 
have been made from time to time. It 
will be indicated in § 17.61 how photo- 
graphic methods are used to obtain 
“radioautographs” which provide in- 
formation on the distribution of radio- 
active elements in plant and ‘animal 
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tissue, and in § 18.44, the employment 
of film to determine the extent of expo- 
sure of a human being to radiation will 
be described. In the present section the 
matter to be considered is the direct 
recording on a photographie plate of 
the actual tracks of ionizing radiations. 

7.141. In 1909, O. Müggein Germany 
and in the following year, S. Kinoshita 
of Japan observed that the blackened 
regions of a developed photographic 
plate, resulting from exposure to alpha 
particles, appeared to be made up of 
individual grains. But they failed to 
note any connection between the ar- 
rangement of the developed grains and 
the tracks of the particles. It was 
shortly thereafter, however, in 1911, 
that M. Reinganum in Germany real- 
ized that the positions of the grains 
were relatedto the path of the alpha 
particle. In due course it was found 
that ionizing particles, in general, 
record their tracks in a photographic 
emulsion as a series of closely spaced 
black specks of silver, Because of the 
relatively high density (and stopping 
power) of the photographic emulsion, 
the tracks produced by charged par- 
ticles are very short compared with 
those obtained in a cloud chamber, 
although they do not differ greatly 
from bubble tracks. The photographic 
method was employed for various 
purposes during the 1920s and 1930s, 
but it was not until the next decade 
that they came into general use, largely 
as a result of the development of 
special “nuclear track emulsions,” 
They were widely employed in cosmic- 
ray studies and led to the discovery of 
the pi- and K-mesons (8 2.131 et seg.). 

7.142. The early investigators used 
ordinary photographie plates in their 
Work, but later the composition of the 
emulsion was changed so as to make 
it more suitable for the study of vari- 
ous ionizing particles, such as alpha 
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particles, protons, mesons, and even 
electrons. By adding boron or lithium 
to the emulsion, neutrons can also be 
detected (§ 11.27). The modern emul- 
sions contain silver bromide to the 
extent of 80 percent, or more, of the 
dry weight, this being about ten times 
the quantity present in plates or films 
used for normal photographic purposes. 
The silver halide grains are extremely 
small, ranging in diameter from 1 to 
4 X 10-5 cm; the smaller the grain, the 
more sensitive is the emulsion to ion- 
izing radiations. Originally the emul- 
sions were deposited on glass plates, 
roughly one eighth of a centimeter 
thick. Now, however, stripped emul- 
sions or pellicles, as they are called, 
are available without backing. As 
many as two or three hundred pellicles 
are stacked, one on top of another, to 
provide a large sensitive volume. Con- 
tinuous tracks can thus be observed in 
various directions. Prior to develop- 
ment, the films are separated and later 
recombined as desired. 

7.143. The tracks produced in a 
photographic emulsion are very short, 
e.g., a few thousandths of an inch for 
alpha particles from radioactive 
Sources, but they can be magnified and 
photographed (Fig. 7.21). The general 


Fic. 7.21. Magnified tracks produced by 

alpha particles from radiothorium and its 

decay products in a photographie emulsion. 

(From H. Yagoda, Radioactive Measure- 

ments with Nuclear Emulsions, John Wiley 
& Sons, Inc.) 
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practice, however, is to examine the 
developed film (or plate) with a 
special binocular microscope, looking 
for and measuring particular or un- 
usual tracks, This somewhat tedious 
procedure has become an art in which 
nontechnical personnel, with suitable 
training, have acquired considerable 
skill. 

7.144. The photographic emulsion 
resembles the Wilson cloud chamber in 
the respect that it can record individual 
events involving. atomic nuclei and 
other charged particles. Furthermore, 
as with the cloud and bubble tracks, 
information concerning the particles 
involved can be obtained from meas- 
urements on the photographie tracks. 
- As, a general rule, it is required to 
know the mass of the particle and its 
charge and energy, and these can be 
derived from some of the following 
data: the range of the particle, the 
grain density (the number of silver 
Erains per unit length of path or the 
Spacing between grains when they are 
relatively far apart) and its variation 
along the track, and the small-angle 
(Coulombic) scattering due to colli- 
sions of the particle with nuclei in 
the emulsion. Tracks caused by heavy, 
Strongly ionizing particles have nu- 
merous thin, wavy tracks (or spurs) 
projecting from their sides. These are 
called delta rays and are produced by 
electrons ejected from the nuclei in 
the path of the particle. From the 
number of delta rays per unit track 
length, the magnitude of the charge on 
the particle can be estimated. 

7.145. As compared with track 
chambers, photographic emulsions 
have one drawback. The chambers 


can be placed in a magnetic field and, 
from the resulting bending of the track, 
the sign of the electrieal charge is 
immediately evident. In addition, the 
momentum of the particle can be 
determined if required from the curva- 
ture of the track. By the use of very 
strong magnetie fields, the deflection 
of long (but not short) tracks in 
photographie emulsions has been ob- 
served. This gives the sign of the 
charge, but the large amount of scat- 
tering makes the deflected tracks use- 
less for the calculation of momentum. 

7.146. In addition to the high stop- 
ping power of emulsions, which in- 
creases the frequency of interesting 
events involving penetrating (high- 
energy) particles, an advantage of the 
photographie technique is its simplic- 
ity. Moreover, the emulsion is continu- 
ously sensitive, and is consequently 
always available to record an event. 
These two favorable factors are offset, 
to some extent, by the numerous and 
complex track patterns which may 
result from an appreciable exposure, 
thus making it often difficult to dis- 
cover and identify particular nuclear 
events. In spite of the great develop- 
ments in bubble and spark chambers 
that have taken place in recent years, 
there are still some branches of nuclear 
science in which photographie emul- 
sions play an important part. Notable 
among these is the study of cosmic 
rays in which the particles often have 
energies far exceeding those obtainable 
with accelerators in the laboratory. 
Nuclear emulsions are also employed 
in observations on hyperfragments 
(§ 20.18). 
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Chapter 8 


THE PROPERTIES AND EMISSION OF ALPHA PARTICLES 


RANGE or ALPHA PARTICLES 


8.1. In the preceding chapter the 
various methods for studying alpha, 
beta, and gamma rays were described. 
It is appropriate, now, to take up the 
consideration of the properties of these 
nuclear radiations. It can be seen from 
Fig. 7.15, which is a cloud chamber 
photograph of the alpha particles 
emitted by the natural radioelement 
polonium, that the tracks are nearly 
all of the same length. Consequently, 
; it is said that alpha particles from a 
given source have a constant range, 
over which they are capable of produc- 

ing ionization of the air through which 
they pass. 

8.2. The process of ionization re- 
quires the expenditure of energy by the 
alpha partiele—approximately 34 elec- 
tron volts ($7.4) for each ion-pair 
formed in air (or other gas)—and so 
toward the end of its path the energy, 
and hence the speed, of the particle 
will have been greatly reduced. In 
these circumstances there is a consider- 
able probability that first one and then 
two electrons will adhere to the alpha 
particle, which is a bare helium nu- 
cleus, i.e., Het+ (§ 4.30), and thus 
convert it to Het and then into a 
neutral helium atom. The neutral atom 
has no ionizing power, and hence the 


condensation of water droplets in the 


cloud chamber no longer takes place. 
The range of an alpha particle may 
then be defined as the distance-it can 
travel through air under standard con- 
ditions, usually a temperature of 15°C 


and a pressure of 1 atmosphere, from a 


its source to the point at which it can 
no longer produce appreciable ioniza- 
tion. j 

8.3. Even before the invention of the 
cloud chamber provided a means for 
obtaining a picture of alpha-particle 
tracks, W. H. Bragg in England had 
produced evidence that these particles 
have a definite range. In 1904 he re- 
ported the results of an investigation, 
made by means of an ionization cham- 
ber, of the specific ionization, i.e., the 
number of ion-pairs per unit length of 
its path (§ 7.3), of an alpha particle in 
air at various distances from its source. 
When plotted on a graph and a line 
drawn through the points, a curve 
such as that in Fig. 8.1, known as & 
Bragg curve, was obtained. Although 
the values for the points on the curve 
vary with the nature of the alpha- 
emitting radioelement, the shape of the 
curve is quite characteristic. As the 
distance of the alpha particle from its 


source increases the specific ionization 
increases, at first slowly and then more 


rapidly, reaches a maximum and then 
drops sharply almost to zero. The dis- 
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tance corresponding to the point R in 
Fig. 8.1 represents the (extrapolated) 
range of the alpha particles from the 
given radioelement. 


ION-PAIRS PER MM 


0 s 2 3 MPL Sy BIE 
DISTANCE FROM SOURCE (CM) — R 


Fig. 8.1. Bragg curve showing number of 
lon-pairs detected at various distances from 
a source of alpha particles. 


8.4. It is not difficult to account, in a 
general way, for the shape of the Bragg 
curve. While the alpha particle tray- 
erses its path, producing ion-pairs as 
it proceeds, its energy, and conse- 
quently its speed, steadily diminishes. 
Because it moves more slowly, it 
spends more time in the vicinity of 
each of the molecules of the air which 
it encounters in its path and so the 
probability of removing an electron, 
and producing an ion-pair, increases 
(§ 7.3). The specific ionization thus in- 
creases steadily, at first, as the alpha 
particle moves away from its source. 
Ultimately point is reached when 
electrons attach themselves to the par- 
ticle and convert it into a neutral atom 
which cannot cause ionization of the 
air, and so the specific ionization falls 
abruptly. 

8.5. The reason why the end portion 
of the curve is not vertical, but slopes 
slightly to the right, and may even 
have a slight “tail,” is that the alpha 
particles do not all lose exactly the 
Same amount of energy in their encoun- 
ters with the molecules in. their path. 
Hence, they do not all cease to produce 
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lonization at precisely the same dis- 
tance from their source. This slight 
variation in the range, referred to as 
straggling, is also partly due to the 
formation of Het ions, by the attach- 
ment of one electron to some of the 
alpha particles. These ions still possess 
ionizing power, and hence they cause 
a slight extension of the range before 
they take up a second electron and 
become neutral atoms. 

8.6. Another way of studying the 
range of alpha particles is to determine 
the number which can be counted at 
various distances from the source. For 
this purpose, the latter may be placed 
on one plate (electrode) of an ioniza- 
tion chamber (§ 7.14) and counts taken 
with the other plate at various dis- 
tances away. Alternatively, a scintil- 
lation counter, such as a zinc sulfide 
screen, can be employed (8 7.52). If 
the counting rate, say in pulses or scin- 
tillations per second, is plotted against 
the distance from the radioactive 
Source, the result will be of the form 
shown by the curve in Fig. 8.2. Up to 


COUNTING RATE 


[NT 2 3 4 OA. 
DISTANCE FROM SOURCE (CMY R 


Fic. 8.2. Rate at which alpha particles 
can be detected at various distances from. 
a source. 


a certain distance the counting rate re- 
mains essentially constant, and then it 
drops sharply to zero, apart from slight 
straggling. The extrapolated range is 
again indicated by the point R; at 
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greater distances the alpha particles 
can no longer be detected.* Where 
cloud chamber studies have been made, 
the ranges observed are in close agree- 
ment with those obtained from direct 
ionization or counting measurements. 

8.7. The extrapolated ranges, in air 
at 15°C and 1 atmosphere pressure, of 
the alpha particles from a number of 
radioelements are recorded in the ac- 
companying table. For a reason which 
will soon be apparent, the half-lives are 
also included. The ranges are seen to 
vary from 2.8 cm for thorium, the 
longest lived, to 8.6 cm for thorium 
C’, which has the shortest life of the 
natural radioelements. The significance 
of this inverse relationship between the 
half-lives of alpha particle emitters 
and the ranges of the particles will be 
considered below. 


Ranges AND HaLr-LivEs OF 
ALPHA PARTICLE EMITTERS 


^ Radioelement Range Half-Life 


Thorium (Th) 2.8em 1.39 X 10" yr 
Radium (**Ra) 3.3 1620 yr 
Radiothorium (**Th) 3.9 1.9 yr 
Radium A (**Po) 46 3.0 min 
Thorium A (#*Po) 5.6 0.16 sec 
Radium C’ (Po) 6.9 1.6 X 10~ sec 
Thorium C' (Po) 8.6 3.0 X 107 sec 


SrorPING POWER or 
ALPHA PARTICLES 


8.8. It was mentioned in Chapter 2 
(§§ 2.102, 2.111) that alpha particles 
are unable to penetrate a few sheets of 
paper or a thin aluminum foil, yet they 
can travel through several centimeters 
of air. It is evident, therefore, that dif- 
ferent materials permit the passage of 
alpha particles to different extents. 
The same general conclusion can be 
drawn from the statement in $7. 143 

* extrapolai 
Misa is no ‘nor thana facto of dr A 
A mean range, 


Sourcebook on Atomic Energy 


Chap. 8 


that the tracks produced by alpha par- 
ticles in a photographic emulsion are 
only a few thousandths of an inch in 
length; in a cloud chamber, on the 
other hand, the alpha particle tracks 
are usually from 1 to 3 inches long. 
The range of an alpha particle thus 
depends on the medium through which 
it travels. 

8.9. A quantity called the stopping 
power of the medium has been defined 
as the rate of loss of energy by an 
alpha particle per unit distance as it 
travels through the medium. For prac- 
tical purposes, however, it is more con- 
venient to employ the relative stop- 
ping power; thus, for any material, 
Relative stopping power 
= — Range of alpha particle in air 

Range of alpha particle in material 


the same source of alpha particles be- 
ing used in both instances. Actually 
the relative stopping power depends to 
some extent on the source of the parti- 
cles, but an approximate average value 
is generally employed. By finding the 
thicknesses of thin metal foils and of 
other substances, such as mica, which 
will just prevent the passage of alpha 
particles of known range in air, the 
relative stopping powers of these mate- 
rials can be determined. Some of the 
rue obtained in this way are as fol- 
lows: 


Mica Aluminum Copper Gold 
2000 1700 3800 4900 


8.10. In many studies of the absorp- 
tion (or stopping) of nuclear radia- 
tions by various media, it is often the 
practice to make use of a quantity 
which is the product of the thickness 
of the material, eg. in em, and ita 


(8.1) 


AE repeto rr Vuibdcsn. 
Fig. 82, is n is usine rime da te rapidly 


eortion of 
rl i a ely Jed rer f 


ne 


Nuclear Radiations 


density, e.g., in grams per cc. The re- 
sult is the mass per unit area, i.e., 
grams per sq cm, which is equivalent 
to a certain thickness. It has been 
variously called the areal density, the 
thickness-density or the equivalent 
thickness.* In connection with the ab- 
sorption of alpha (or beta) particles, 
especially, ranges expressed in grams/ 
cm? are relatively small for solid 
materials, and so the result is multi- 
plied by 1000 to give the equivalent 
thickness in milligrams per sq em, i.e., 
in mg/em*. Hence, the equivalent 
thickness, for present purposes, may 
be defined by 
Equivalent thickness (mg/cm?) : 

= Actual thickness (cm) X density 

(grams/cm*) X 1000. 

8.11. The equivalent range, in mg/ 
cm?, of an alpha particle in any me- 
dium is thus obtained upon multiply- 
ing the range in that medium by its 
density and 1000. It follows, therefore, 
by combining this result with equation 
(8.1), that the thickness of the mate- 
tial which is equivalent in stopping 
power to 1 cm of air is given by 
Thickness in mg/cm? equivalent to 1 cm of air 

Density X 1000 
= Relative stopping power 
The values of this thickness for the 
substances whose stopping powers 
were given above are then as follows: 


Mica Aluminum Copper Gold 
14 1.59 2.35 3.95 mg/cm* 


This means that with aluminum, for 
example, a piece 1 sq cm in area of a 
sheet which has the same effect as 1 
cm of air in slowing down alpha parti- 
cles weighs 1.59 milligrams, whereas 
1 sq em of an equivalent sheet of gold 
will weigh 3.95 milligrams. 

8.12. From the conclusions concern- 
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ing the stopping powers of various ele- 
ments reached by W. H. Bragg in 
1905, it can be shown that the equiv- 
alent thickness, as defined above, 
should be proportional to the square 
root of the mass number of the ele- 
ment. Thus, it is possible to state, as a 
fair approximation, that the thickness 
in mg/cm? equivalent to 1 em of air 
in the absorption of alpha particles is 
equal to 0.304'7, where A is the 
mass number in the case of an ele- 
mental substance, or the average of 
the mass numbers of the constituent 
elements for a compound material. 
This result is useful for estimating 
the extent of absorption of alpha parti- 
cles in various media for which experi- 
mental data are not available. 

8.13. In the study of alpha particles 
and other radiations, it is customary 
to use thin sheets of metal foil, par- 
ticularly of aluminum, as the absorber 
in place of air. The equivalent range 
in the metal can then be readily de- 
termined by weighing a piece of known 
area of the foil which can just stop 
the alpha particles. The actual range 
of the particles in the given material 
or in air can be calculated as follows. 
Suppose it has been found that an 
aluminum foil weighing 4.32 milli- 
grams per sq cm is required to stop 
the alpha particles from a given source. 
The equivalent range in aluminum is 
thus 4.32 mg/cm’, and since the 
density of aluminum is 2.70 grams per 
ce, the actual range is found to be 
4.32/(2.70 X 1000), ie. 1.60 X 107* 
cm. To obtain the range of the alpha 
particles in air, the equivalent range in 
aluminum is divided by the thickness 
of aluminum equivalent to 1 em of 
air, i.e., by 1.59 mg/cm*. Thus, in the 
case under consideration, the range in 
air would be 4.32/1.59 = 2.72 cm. Al- 


* The same quantity is frequently referred to merely as the "thickness." The units, e.g., 
grams /cm?, indicate that it is really the actual thickness multiplied by the density. 
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ternatively, since the stopping power 
of aluminum, relative to air, is known 
to be 1700, the actual range in air is 
equal to the range in aluminum, i.e., 
1.60 X 107*, multiplied by 1700, ie. 
2.72 em. The method of calculation 
used in any particular case will de- 
pend on which data are more readily 
available. 


VELocrmy, ENERGY, AND RANGE 
OF ALPHA PARTICLES 


8.14. The direct measurement of the 
energies of alpha particles is made by 
determining the radius of their circular 
path in a magnetic field. As stated in 
§ 2.43, the equation (2.8), which re- 
lates the charge e, carried by a parti- 
cle of mass m, to the velocity v and 
the radius of curvature r of the path 
in a magnetic field of strength B. (see 
Fig. 2.2), is applicable to any charged 
particle. For the present purpose it 
can be rearranged to take the form 

v= 7 Br, (8.2) 
and since the charge on an alpha parti- 
cle is known to be twice the unit elec- 
tronic charge, and the mass is that of 
a helium nucleus, i.e., a helium atom 
minus two electrons, the evaluation of 
the velocity requires only the determi- 
nation of the radius r of the path of 
the particle in a magnetic field of 
strength B. From the velocity, the 
(kinetic) energy of the alpha particle 


can be calculated, as explained in 
$8.17. 
8.15. The experimental arrange- 


ment, known as a 180° magnetic spec- 
trograph, is shown diagrammatically in 
Fig. 8.3. The radioactive source is 
placed at R and the alpha particles 
emerge in a narrow beam through the 
slit S. As already seen, air slows down 
the alpha particles and so the appa- 
Tatus is evacuated by pumping out 
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the, air. A magnetic field of known 
strength, which acts in a direction per- 
pendicular to the plane of the diagram, 


S 
R 


Fic. 8.3. Schematic representation of a 
magnetic spectrograph. 


is then applied, and the alpha rays are 
bent through an angle of 180° so that 
they fall on a photographic plate at P. 
From the position of the trace pro- 
duced where the particles strike the 
plate, the radius of curvature of the 
path can be determined, and hence the 
velocity of the particles can be calcu- 
lated from equation (8.2). 

8.16. The magnetic spectrograph 
has been improved by replacing the 
photographic plate by a suitable alpha- 
particle counter, the position of which 
is fixed, say at the point P. The mag- 
netic field is then varied until the 
counter shows that the particles emerg- 
ing from S are reaching P, and are then 
traversing a path of known radius. In 
the older, photographic method the 
magnetic field was constant, and the 
path radius was different for alpha 
particles of different energies; in the 
later modification, which is simpler and 
more accurate, the radius of the path 
is constant but the field B is varied so 
as to make particles of different en- 
ergies follow the given path. 

8.17. The energy of an alpha parti- 
cle is essentially kinetic in nature; that 
is to say, it is due almost entirely to 
the motion of the particle. Hence the 
energy of an alpha particle may be 
taken as equal to lm? (83.5) 
Where, as above, m is its mass and v 
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its speed.* It is for this reason that 
measurements of the velocity of alpha 
particles, as described above, are often 
referred to as energy determinations. 
The mass of an alpha particle on the 
atomie mass scale is 4.0017, and hence 
the mass of a single particle in grams 
is obtained upon dividing by the Avo- 
gadro number, 6.02 X 10? (81.57); 
the result is 6.65 X 10 gram. If 
„the velocity v is expressed in em per 
sec, the kinetic energy of an alpha 
particle is 44 X 6.65 X 10u? ergs. 
By making use of the conversion fac- 
tor given in § 3.33, this becomes 2.08 
X 1075? MeV, with v still in cm per 
sec. The initial velocities of alpha 
particles from radioactive sources vary 
from about 1.4 X 10? to 2.2 X 10° cm 
per sec, and so the corresponding en- 
ergies lie in the range between 4 and 
10 MeV. 

8.18. At the present time, alpha- 
particle energies are commonly deter- 
mined by an indirect or comparative 
method, utilizing the fact that certain 
particle detectors, especially those of 
the semiconductor type, give output 
Signals that are directly proportional 
to the energies of the entering particles 
(87.75). Such a detector, in conjunc- 
tion with a pulse-height analyzer 
(8 7.42), can be employed to determine 
the energies of alpha particles from a 
given source. The output channels of 
the instrument must be calibrated, 
however, with alpha particles of known 
energy, as determined by a magnetic 
spectrograph. The calibration can be 
performed by independent measure- 
ments with a standard source (or 
sources) or a small amount of the 
standard may be added to the alpha 
emitter under study. 


* The mass implied here is the ordinary or rest mass, which ma; 
not approach the velocity of light (83.69). Since the speeds of 
if ever, exceed one tenth of the speed of 


radioactive changes rarely, 
Satisfied. 3 7 


8.19. In 1910, H. Geiger (§ 4.8), at 
that time in Rutherford’s laboratory 
in Manchester, England, made some 
measurements of the relative speeds of 
alpha particles from radium C after 
they had passed through various thick- 
nesses of mica of known stopping 
power relative to air. From the results, 
he concluded that the velocity v of the 
alpha particle at any point at a dis- 
tance x from the source could be ex- 
pressed by the equation 


? = a(R — 2), (8.3) 


where R is the usual range of the parti- 
cles, as described in $8.2, and a is a 
constant. If z, the distance from the 
source, is set equal to zero, the corre- 
sponding velocity, represented by vo, 
will be the initial velocity of the alpha 
particles at the source, and then equa- 
tion (8.3) becomes 


v = aR. ` (8.4) 


This relationship, known as the Geiger 
formula, although derived from meas- 
urements on a single substance, radium 
C, was later found to be generally ap- 
plicable to alpha particles from vari- 
ous sources. The constant a has the 
same value, namely, 1.03 X 10”, in all 
cases, with the initial velocity vo ex- 
pressed in cm per sec and the range R 
in em of air; thus, 


v = 1.03 X 10"R. (8.5) 


There is consequently a direct connec- 
tion, as might have been expected, be- 
tween the velocity with which an alpha 
particle is ejected from its source, and 
the distance it can travel before losing 
its ability to produce ionization in air. - 

8.20. The energy E of an alpha par- 
ticle, in MeV, is related to the velocity 


be used provided v does 
pha particles expelled in 
f Tight, this condition is 
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by E = 2.08 X 107!5/, as seen above; 
hence, it follows from equation (8.5) 
that j 


Ey? = 3.09R or E, = 2.12R?^, (8.6) 


where E, is the initial energy of the 
alpha particle in MeV, and R is its 
range in centimeters of air. From equa- 
tion (8.6) it is possible to obtain a 
moderately accurate estimate of the 
energy of an alpha particle at its 
source, provided the range has been 
measured. Thus, the alpha particles 
from radium have a range of 3.29 cm 
of air, and uon substituting this figure 
for R in equation (8.6), the initial en- 
ergy is calculated to be 4.70 MeV; the 
measured value is 4.79 MeV. 

8.21. Actually, the Geiger formula 
and its equivalent equations (8.5) and 
(8.6) are approximate, at best, and in 
any event they are applicable only for 
alpha, particles with ranges of from 3 
to 7 em of air. At lower ranges I? is 
approximately proportional to o3 and 
Eg“, and at higher ranges to vf and 

o: As a result of experimental investi- 
gations of the ranges and velocities (or 
energies) of alpha particles, and from 
theoretical considerations, curves have 
been constructed which give the ener- 
gies of alpha particles as a function 
of their respective ranges. By means of 
these curves the energy of an alpha 
particle of known Tange can be esti- 
mated quite accurately. 


Tu GriaEn-NurrALL RuLE 


8.22. It was pointed out in $8.7 that 
the longest-lived radioelements emit 
alpha particles with the shortest, 
` ranges, whereas the elements of short 

life expel particles having long ranges. 
The possibility that a connection 
might exist between the life period of 
` an alpha-active element and the range 
of the particles emitted was ted 
by E. Rutherford (§ 2.64) in 1907, and 
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four years later, when sufficient data 
had become available, an approximate 
relationship was brought to light by 
H. Geiger and J. M. Nuttall. These 
workers showed that if the logarithm of 
the alpha-particle range in air, i.e., 
log R, is plotted against the corre- 
sponding value of the logarithm of the 
radioactive decay constant, ie., log ^, 
for a number of radioelements, an ap- 


proximately straight line is obtained: 


for each radioactive series. The Geiger- 
Nuttall rule, as it is called, is thus rep- 
resented mathematically by the ex- 
pression 


log =AlogR+B, (8.7) 


where ^ is the decay constant of the 
radioelement emitting alpha particles 
of range R; the constant A is the slope 
of the straight line, which is virtually 
the same for each series, but the values 
of B are different. 

8.23. Alternative forms of the Gei- 
ger-Nuttall rule can be derived from 
equation (8.7) by utilizing the rela- 
tionship between’ the decay constant 
and the half-life, e.g., equation (5.9), 
on the one hand, and between the 
range and the energy of the alpha par- 
ticles, e.g., equation (8.6), on the other 
hand. These require that a straight 
line be obtained when the logarithms 
of the decay constants of radioelements 
are plotted against the logarithms of 
the alpha-particle energies, or the loga- 
rithms of the half-lives against the 
logarithms of either the ranges or the 
energies. Thus, for example, 


log = %A log Es + B’, (8.8) 


where A has the same value as in equa- 
tion (8.7) and B' is a constant for each 
radioactive series, Because of the 
limited applicability of the Geiger- 
Nuttall equation (8.7), these plots 
usually show a slight curvature, and 
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some points lie above and some below 
the curve. 

8.24. When Geiger and Nuttall pro- 
posed the general rule considered 
above, in 1911, they based their con- 
clusions on measurements made on 17 
alpha-active radioelements. Since that 
time additional alpha emitters, making 
a total of about 30, have been found 
to occur in nature. But, more impor- 
tant, something like a hundred others 
have been obtained since 1940 by 
means of various nuclear reactions, as 
will be described in Chapter 16. Con- 
sequently, a considerable amount of 
information is now available for relat- 
ing decay constants (or half-lives) to 
alpha-particle ranges (or energies). The 
conclusion drawn is that the Geiger- 
Nuttall rule is an approximate and 
restricted aspect of a broader generali- 
zation, which will be discussed later 
(§ 16.97). At best, the rule would be 
expected to apply only to radioele- 
ments with even mass numbers and 
atomic numbers, e.g., the uranium and 
thorium series. 


THEORY OF ALPHA-PARTICLE 
EMISSION 


8.25. In reporting their correlation 
between the life of a radioelement and 
the range of the alpha particles emit- 
ted, Geiger and Nuttall wrote: “The 
connection . . . between the period and 
the range is at present only empirical, 
but it may depend on some simple re- 
lation which may ultimately be 
brought to light.” It is true that sev- 
eral years later a theoretical relation 
between the life of a radioelement and 
the energy of the alpha particle was 
developed, but the approach was far 
from simple, as will soon be apparent. 
, 8.26. In experiments on the scatter- 
ing of alpha particles, such as those de- 


* Alpha particles (helium nuclei) of sufficien igh energy from radioactive 
Produced by means of accelerators can enter mods ioe example, $ 10.71 et seq. 


scribed in $ 4.7, it was found that even 
the fastest of such particles from ra- 
dioactive sources, having an energy of 
10 MeV, are generally repelled by 
atomic nuclei.* But the more energetic 
the particle the more closely can it 
approach the nucleus before it is turned 
back. This conclusion applies to all 
nuclei, including those of radioactive 
atoms. Although alpha particles are 
hindered by electrostatic repulsion 
from entering the nucleus from out- 
side, it is an undoubted fact that 
radioactive nuclei emit alpha particles; 
hence, such particles must be able to 
exist, at least for a short time, within 
such nuclei. The interactions between 
a radioactive nucleus and an alpha 
particle, outside or inside the nucleus, 
can be represented pictorially by a 
polential energy curve such as that in 
Fig. 8.4. The rising portion of the curve 


ALPHA PARTICLE 


POTENTIAL ENERGY 
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DISTANCE FROM CENTER OF NUCLEUS 


Fig, 8.4. Potential energy curve for inter- 
action between an atomic nucleus and an 
alpha particle. 


from A to B indicates increasing elec- 
trostatic repulsion of an alpha particle 
as it approaches the nucleus. On the 
other hand, the sharp fall from B to C, 
which is essentially the region within 
the nucleus, implies attraction of the 
alpha particle by the nucleons in the 
nucleus. 


sources or 
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8.27. Calculations based on Cou- 
lomb’s law (§ 4.16) have shown that 
the point B, at the maximum of the 
curve, corresponds to an energy of 
about 25 MeV, for an element of high 
atomic number. Hence, it may be con- 
cluded that an alpha particle with 
energy less than this amount should be 
repelled if it approaches the nucleus 
from outside, i.e., from right to left of 
the diagram. An alpha particle with 


energy E, about 10 MeV, approaching, 


the nucleus, as shown in Fig. 8.4, 
should be turned back when it reaches 
a distance from the center of the nu- 
cleus corresponding to the point D. 
An energy of at least 25 MeV would be 
necessary for the alpha particle to 
reach the nucleus without suffering 
repulsion. 

8,28. Scientists often speak of the 
conditions represented by Fig. 8.4 as 
being due to a potential barrier, since 
something analogous to a barrier is 
preventing the entry of alpha particles 
into the nucleus. It must be clearly 
understood, however, that the term 
“barrier” is used in a figurative sense 
only; it is not meant to imply the exist- 
ence of a material barrier, but rather 
of a repulsive force which is equivalent 
to a barrier. It is important to appre- 
ciate this point, because the shape of 
the potential energy curve, and hence 
that of the figurative "barrier," varies 
with the nature of the particle ap- 
proaching the nucleus. When the par- 
ticle is a proton, for example, the “bar- 
rier” is much lower than for an alpha 
particle, and when it is a neutron, the 
"barrier" is virtually not existent. In 
other words, the force of repulsion be- 
tween a nucleus and a proton is less 
than for an alpha particle, whereas 
there is essentially no repulsion be- 
tween a nucleus and a neutron. 
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8.29. So far there appears to be no 
objection to the foregoing discussion, 
but a more careful examination reveals 
a difficulty. If an alpha particle must 
have an energy equal to (or greater 
than) that corresponding to the maxi- 
mum point B of the potential energy 
curve, i.e., 25 MeV, to get into the 
nucleus from outside, then an alpha 
particle from the interior of the nu- 
cleus should have at least the same 
amount of energy to escape. That is 
to say, if a potential barrier prevents 
the access of alpha particles from out- 
side the nucleus, the same barrier 
should prevent the emission of parti- 
cles from the interior. It is surprising, 
therefore, to find that alpha particles 
are produced from radioactive sources 
with energy as low as 4.0 MeV, and for 
no natural radioelement does the 
alpha-particle energy exceed 10.6 MeV. 

8.30. Classical mechanics provided 
no explanation of this state of affairs, 
but in 1928 the English physicist R. W. 
Gurney in collaboration with E. U. 
Condon of the United States, and the 
Russian-born G. Gamow independ- 
ently showed that the paradox could be 
resolved by means of the then newly- 
developed wave mechanies (§ 3.50). 
According to classical theory, an alpha 
particle inside the nucleus cannot sur- 
mount the barrier and escape if its 
energy is less than 25 MeV, but wave 
mechanics requires there should be a 
definite, if small, probability that such 
a particle from the interior will be 
found outside the nucleus. In other 
words, there is a definite probability 
that the alpha particle will escape 
from the nucleus eyen when its energy 
is less than that of the top of the 
hypothetical barrier.* If the energy of 
the particle is equal to (or exceeds) the 
value at the top of the barrier then 


„* The phenomenon is referred to as “barrier etration’”’ f tl Te 
picturesque term of "tunnel CORE e noted in $825, however, there. fe able ‘barrier 
ugh. 


that is penetrated or tunneled 
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the probability of escape amounts, of 
course, to a certainty, according to 
both classical and wave-mechanical 
theories. 

8.31. By using the equations of wave 
mechanics, a complex expression can 
be derived for the probability that an 
alpha particle of given energy will es- 
cape when it reaches the exterior sur- 
face of the nucleus. In general, it can 
be said, as a fair approximation, that 
this probability is greater the larger 
the energy of the alpha particle rela- 
tive to the top of the barrier, and the 
smaller the “thickness” of the barrier 
at the point corresponding to the given 
energy value. It can be seen from Fig. 
8.4 that the higher the energy the less 
the thickness of the barrier; hence, 
both factors influencing the escape 
probability operate in the same direc- 
tion. It follows, therefore, that the 
greater the energy of the alpha particle 
in a radioactive atom, the more likely 
is it to be found outside the nucleus. 
This is the fundamental basis of the 
fact that radioelements which disin- 
tegrate rapidly emit alpha particles of 
high energy and long range, whereas 
the long-lived elements produce par- 
ticles of relatively low energy and 
short range (§ 8.19 et seq.). 

8.32. An approximate value of the 
frequency with which alpha particles 
reach the exterior surface of the nu- 
cleus can be obtained upon dividing 
the radius of the nucleus by the esti- 
mated speed of the alpha particle. If 
this frequency, expressed as the num- 
ber per second, is multiplied by the 
probability of escape, the result will 
give the frequency with which alpha 
particles actually escape; this is equiv- 
alent to the radioactive decay constant 
A, in reciprocal-second (sec-!) units. It 
will be apparent from what has already 
been stated that the value of ^ will, in 
general be larger the greater the en- 
ergy of the alpha particle. By making a 


number of simplifying assumptions, 
the wave-mechanical treatment leads 
to a relationship between the decay 
constant X and the energy of the alpha 
particle which is somewhat similar to 
the Geiger-Nuttall rule in the form of 
equation (8.8). It may be remarked in 
this connection that, in order to make 
the theoretical equations fit the ex- 
perimental results, the effective radius 
of the nucleus must be taken as ap- 
proximately equal to 1.3 X 10-?A!^ 
em, where A is the mass number of the 
radioelement (see § 4.19). 

8.33. An interesting conclusion from 
the wave-mechanical theory of alpha 
decay is that, for elements of high 
atomie number, such as the naturally 
oceurring radioelements, the energy of 
the alpha particle must be at least 3.8 
MeV if the decay constant is to be 
greater than 10-? sec-! (half-life less 
than 10” years). Smaller decay con- 
stants (or longer half-lives) will mean 
that radioactive ‘disintegration is so 
slow as to be almost undetectable. Of 
the heavy radioelements, thorium, 
with a half-life of 1.39 X 10” years, 
emits the alpha particle with the lowest 
energy, 4.0 MeV. There is evidence for 
the existence, however, of alpha-par- 
ticle emitters of longer half-life with 
masses in the range of 140 to 150. 

8.34. In view of the probability of 
the escape of alpha particles from ra- 
dioactive nuclei even when their energy 
is insufficient to surmount the barrier, 
it might be argued that there should be 
a similar probability that alpha parti- 
cles from outside with the same 
amount of energy should be able to 
reach the nucleus without being re- 
pelled. This argument is completely 
justifiable, and there is no doubt that 
such apparent penetration (or tunnel- 
ing) does take place in the bombard- 


ment processes which cause nuclear ~ 


rearrangements (Chapter 10). 
8.35. It is of interest to calculate the 
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probability of an alpha particle escap- 
ing from (and of returning to) an 
atomic nucleus. The radius of a nu- 
‘cleus is about 10-” cm, and the speed 
of an alpha particle moving in the 
nucleus is perhaps 10* cm per sec. 
Consequently, as a rough approxima- 
‘tion, an alpha particle will find itself 
at the exterior surface of the nucleus 
10*/10-", i.e., 10%, times per second. 
Upon multiplying this frequency by 
the escape probability, the result will 
give the decay constant A, in sec-! 
units, as seen above. The actual values 
of ^ vary from roughly 10’ sec-! for 
thorium C’ to 10-!* sec! for thorium; 
hence, the probability of escape ranges 
from 10-? to 10-*, This means that, 
even with the very short-lived radio- 
element thorium C', an alpha particle 
in the nucleus, with an energy of about 
9 MeV, makes on the average 10" at- 
tempts before it succeeds in escaping. 
For thorium, in only one attempt. in 
10* does the alpha particle, of energy 
&bout 4.0 MeV, leave the nucleus. 
8.36. It is because of the very large 
number of escape attempts made by 
the alpha particle, i.e., the large num- 
ber of times it reaches the exterior 
Surface of the nucleus, namely, about 
10” times per second, that radioac- 
tivity is an observable phenomenon. 
When a nucleus is bombarded by alpha 
particles from outside, however, the 
number of attempts at entry is very 
much less, and hence the effects are 
not so marked, although the probabil- 
ity of entering the nucleus is the same 
as the probability of escaping, for the 
same energy value. 


ALPHA-PARTICLE SPECTRA 


8.37. It has been assumed, so far, 
that all the alpha particles from a 
given source have virtually the same 
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range and energy, but this is not 


strictly the case. It is generally true — 


that a large proportion, if not all, the 
particles have identical energies, but 
in some instances particles with dif- 
ferent energies have been detected.* 
The presence of a very small number 
of particles of exceptionally high en- 
ergy was observed by E. Rutherford 
and A. B. Wood in 1916 in the radi- 
ations from thorium active-deposit, 
probably originating from thorium C’. 
Three years later Rutherford noted 
that similar long-range particles were 
emitted from radium active-deposit. It 
was not until 1930, however, that S. 
Rosenblum, in France, proved defi- 
nitely by means of a magnetic spectro- 
graph, similar to-that described in 
$8.15, that the alpha particles from 


thorium C, all of which had been .— 


thought to have the same energy, 
actually consist of a number of groups - 
of particles, with slightly different - 
energies. 5 
8.38. Since that time, several de- 
tailed studies have been made of the © 
distribution of energy among the alpha 


particles from a number of radioele- ^ 
ments. In a few cases, the particles 


were found to be monoenergetic, all 
having essentially the same energy, 


but in many instances there was a 


definite alpha-particle spectrum, con- 


sisting of two or more discrete groups ^ 


— possibly as many as 13 for radium | 
C'—of different energies. A simple ex- 
ample is provided by thorium C which 
emits several groups of alpha particles. 
The six of highest energy are 6.086, 
6.047, 5.764, 5.622, 5.603, and 5.478 
MeV, respectively; the first group con- 
stitutes 27.2 percent and the second 
69.8 percent, so that these two to- 
gether make up 97 percent of the 
total. 


* The data in the table in $8.7 refer to the main proportion of the alpha particles from 


any given source. 


Nuclear Radiations 


8.39. The occurrence of alpha-par- 
‘ticle spectra can be accounted for by 
the existence of definite energy levels 
in atomic nuclei (§ 4.83). In a radio- 
active disintegration the nucleus of 
the parent element, thorium C, for 
example, is almost invariably in its 
lowest energy state, but the nucleus 
of the daughter element, thorium C", 
formed as a result of the emission of 
an alpha particle, may be either in its 
lowest (ground) state or in any one of 
several higher (excited) levels, The en- 
ergy of the alpha particle thus de- 
pends on the energy levels of the 
parent and daughter nuclei involved in 
the disintegration. The six groups of 
particles of highest energy observed in 
the íransition from thorium C to tho- 
rium C" are interpreted in this man- 
ner, as shown in Fig. 8.5, and the 


THORIUM C 


THORIUM C^ 


Firg. 8.5. Explanation of alpha-particle 
spectrum from thorium C. 


alpha-particle spectra of other radio- 
elements can be explained similarly. 
The transition to the second level of 
thorium C" is evidently the most prob- 
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able, since the largest proportion. of 
alpha particles have the energy cor- 
responding to this particular change. 

8.40. When the nucleus of the 
daughter element in a radioactive tran- 
sition is formed in an excited state, it 
can change to a lower energy state by 
the emission of radiation, This appears 
as gamma rays, as will be explained 
in $8.113. The fact that there is an 
almost exact correlation between the 
energies of the groups of alpha parti- 
cles and the energies of the gamma 
rays is strong confirmation for the fore- 
going explanation, based on nuclear 
energy levels. Some reference will be 
made later to the circumstances which 
lead to gamma-ray emission and, 
hence, to groups of alpha particles. 

8.41. In two or three instances, such 
as, thorium C' and radium C', a very 
small proportion of highly energetic 
alpha particles is due to the parent 
nucleus being in an excited energy 
state, whereas the daughter element, 
thorium D and radium D, respectively, 
is in its lowest (ground) level. The 
circumstances are here somewhat, ex- 
ceptional. An appreciable: amount of 
thorium C’ is formed in an excited 
state upon decay of its parent, but 
the product has such an extremely 
short half-life—3 X 10-7 sec—that 
about one nucleus in a million will 
disintegrate to thorium D straight 
from the excited state before it has an 
opportunity to emit the excess energy 
as gamma radiation. Similar consider- 
ations apply to the disintegration of 
radium C', which has a half-life of 
1.6 X 10~ sec. 


THE PROPERTIES AND EMISSION OF BETA RADIATIONS 


BzrA-PARTICLE ENERGIES 
8.42. It will be recalled that alpha 
particles are positively charged and 
have a mass of about 4 atomic mass 


units, but beta rays consist of elec- 
trons, so that they are negatively 
charged particles of very small mass. 


Apart from this distinction, there is a 
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superficial resemblance between radio- 
active decays leading to the emission 
of either alpha or beta particles, some- 
times accompanied by gamma radia- 
tion. There is, however, as will be seen 
in due course, a fundamental difference 
between the processes which lead to 
the two kinds of decay of radioactive 
nuclei. One. manifestation of this dif- 
ference is in the energy spectra of alpha 
and beta particles. It was seen in the 
preceding section that alpha particles 
are either monoenergetic or else there 
is a spectrum made up of a limited 
number of discrete groups having defi- 
nite energies; beta particles, on the 
other hand, do not behave in this 
manner, 

8.43. In 1900, A. H. Becquerel 
noted, from their behavior in a mag- 
netic field, that the deviable radiations, 
Le, beta rays, were complex, forming 
a continuous distribution of velocities, 
and hence of energies. But during the 
early years of the present century there 
was a difference of opinion among 
workers in the field of radioactivity: 
some thought the beta particles from a 
given source had a wide range of en- 
ergies, whereas others were of the 
opinion that they were essentially 
monoenergetic. The latter view ap- 
peared to find support in the discovery; 
made by O. von Baeyer, O: Hahn, 
and Lise Meitner in Germany, in the 
years between 1910 and 1912, of the 

. existence of homogeneous (monoener- 
getic) groups of electrons in beta rays. 
But doubt was cast on their signifi- 
cance when, in 1914, J. Chadwick 
found that they constituted a small 
fraction only of the total beta particle 
emission. The opinion was therefore 
expressed that the main portion of the 
electrons emitted by a radioactive ele- 
ment, which showed a continuous dis- 
tribution of energy, were the true dis- 
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integration beta particles, and that the 


weaker monoenergetic groups were due . 


to a secondary effect. A theory of the 
origin of these secondary electrons was 
proposed by E. Rutherford in 1914, 
and supported by Lise Meitner in 1922, 
after she and O. Hahn had shown that 
similar groups of monoenergetic elec- 
trons were.sometimes found associated 
with alpha-particle disintegration. The 
nature of these secondary electrons, 
which are associated with the emission 
of gamma rays, will be considered in 
§ 8.103. 

8.44. Three main methods have been 
used for the study of the distribution 
of energy among the beta particles 
from a given radioactive source. The 
first makes use of the 180° (or semi- 
circular) magnetic spectrograph which 
is quite similar in principle to that 
described in § 8.15 for the determina- 
tion of the velocities of alpha particles. 
The best form of apparatus is that in 
which a particle counter is placed in a 
fixed position, such as P in Fig. 8.3. 
The magnetic field strength B is then 
varied, and the number of beta parti- 
cles reaching the counter in a given 
time for the different values of B are 
recorded. From B and the fixed radius 
r of the semicircular path taken by the 
beta particles, the velocity v of the 
latter can be calculated by means of 
equation (8.2); each value of B thus 
corresponds to a definite velocity. In 
this way, the relative numbers of beta 
particles having various velocities can 
be determined. 

8.45. Since the speeds of beta parti- 
cles as they emerge from radioactive 
sources approach the velocity of light, 
allowance must be made in equation 
(8.2) for the relativistic increase of 
mass. If, as required by equation (3.9), 
m is replaced by mo/W1 — v/c, where 
ma is the rest mass of the electron, v is 
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the initial speed of the emitted beta 
particle, and c is the velocity of light, 
equation (8.2) becomes 


v= ai BrVi—#/e, (8.9) 


which is the form to be employed in 
the present instance. Further, the (ki: 
netic) energy of the beta particle is no 
longer given merely by Vm», as is 
the case for the comparatively slow- 
moving alpha particles, but by 


1 

E = me (Pakata - 1) 8.10 
Vi = v/e sia 
The calculations of the energy from 
the magnetic field and curvature of 
the path are thus somewhat more com- 
plicated, but they can be made without 
too much difficulty by means of equa- 
tions (8.9) and (8.10). 

8.46. The second method which has 
been employed in the determination of 
beta-particle energy spectra makes use 
of what is known as the magnetic-lens 
spectrometer. The principle involved is 
essentially the same as that used for 
focusing in the electron microscope, 
and it is for this reason that the name 
magnetic lens (or electron lens) has 
been applied. In outline, the apparatus 
consists of a cylinder (Fig. 8.6) around 
which is wound a coil (solenoid) of 
copper wire. When a current is passed 
through this wire a magnetic field is 
produced in the cylinder, its direction 
being parallel to the axis. The radio- 


- active source is placed at one end of 


the cylinder at S, and at the other 
end, at C, there is à suitable charged- 
particle counter with a thin wall which 
the beta particles can penetrate. By 
means of the baffles shown at the left, 
the particles leaving the source S in a 

* Because of the continuous ene’ 


for calibration purposes, unless it 
spectrum of electrons (§ 8.104). 


spectrum, 
appens to be one 


definite direction are permitted to en- 
ter the longitudinal magnetic field; this 
field constrains them to follow a helical 
(spiral) path, a projection of which is 
shown by the dotted lines in Fig. 8.6. 


Fie. 8.6. Principle of magnetic lens spec- 
trometer for determining  beta-particle 
energies. 


8.47. By suitably adjusting the cur- 
rent in the solenoid, and thus changing 
the magnetic field strength, beta par- 
ticles from S can be "focused" so that 
they perform a single turn of the helix 
and just reach the wall of the counter. 
For a given value of the magnetic field 
strength, only those beta particles 
which have a particular velocity will 
reach the counter. The velocity can be 
calculated from the magnetic field 
strength and the dimensions of the 
apparatus. As a general rule, however, 
the instrument is calibrated by means 
of electrons of known speed,* and the 
beta-particle velocity can then be de- 
termined directly from the current 
flowing through the solenoid. In this 
manner, the relative numbers of beta 
particles, as detected by the counter, 
with different velocities, and hence 
with different energies, can be derived. 

8.48. Finally, beta-particle spectra 
may be obtained by combining a 
ionizing-particle detector, e.g., a semi- 
conductor detector, which gives an 
output signal proportional to the en- 
ergy of the particle, with a pulse-height 
analyzer. Although the results are 
quite different, the procedure is the 


it is not practical to use a beta-particle source 
that also has a line (or discrete) energy 
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same as that described in § 8.18 for 
alpha particles. The instrument can be 
calibrated with electrons of known 
energy, but another type of particle 
can be used because the size of the 
pulse from a semiconductor detector 
depends only on the energy deposited 
and not on the nature of the particle. 

8.49. The results obtained with a 
variety of different beta-active sources, 
both natural and artificial’ (Chapter 
10), are all of the same type. Apart 
from the few groups of monoenergetic 
electrons sometimes observed, the 
overwhelming proportion of the beta 
particles from any source exhibit a con- 
tinuous distribution of energy, i.e., the 
beta-particle spectrum is continuous 
and not discrete like an alpha-particle 
spectrum. The energies range from 
very small values up to a definite maxi- 
mum, the latter varying with the 
source. If the relative number of par- 
ticles possessing a particular energy 
is plotted against the energy, the points 
usually fall on a curve such as that 
depicted in Fig. 8.7. The maximum 


1 E mox 


NUMBER OF BETA PARTICLES 


ENERGY 
Fic. 8.7. General form of distribution of 
energies among beta particles (beta-particle 
spectrum). 


energy, obtained by a short extrap- 
olation, is indicated by Ema. It is 
commonly known as the end-point en- 
ergy, because it represents the energy 
at the end point of the beta-particle 
spectrum. The maximum velocities of 
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beta particles range from about 25 to 
99 percent of the speed of light; the 
corresponding values of Emax vary from 
0.025 to 3.15 MeV, most of them being 
in the vicinity of 1 MeV. 


Tueory or Bera Decay 


8.50. The problem of the continuous 
distribution of energy among beta par- 
ticles concerned physicists for a num- 
ber of years. It seemed highly im- 
probable that it could be due to the 
existence of a continuous series of 
energy levels in the nuclei of either. 
parent or daughter elements, since all 
the evidence points to the presence 
of a few discrete levels only. If the 
variation in energy among the beta 
particles were due to transitions be- 
tween different nuclear energy states, 
then there should be a continuous dis- 
tribution of gamma-ray energies to 
correspond to that for the beta parti- 
cles, but no such phenomenon has been 
observed. A radioactive beta transi- 
tion, like an alpha emission, must be 
accompanied by a definite energy 
change, and this is undoubtedly equal 
to the maximum (or end-point) beta- 
particle energy, Epox. For example, 
when the masses of the parent and 
daughter elements are known, the en- 
ergy change can be calculated (§ 3.79) 
from the decrease in mass, after allow- 
ing for that of the electron. This has 
been found to be the same as Emar 
Further, it was seen in $ 5.60 that tho- 
rium C undergoes branched disintegra- 
tion, but the two branches rejoin at 
thorium D. The energy difference by 
the path thorium C — thorium C’ > 
thorium D should be exactly the same 
as that for the alternative path tho- 
rium C — thorium C" — thorium D. 
Careful measurements show that this 
is true only if in the transitions tho- 
rium C — thorium C’ and thorium 
C" — thorium D the beta particle 
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energies are those corresponding to 
Emax in each instance. 

8.51. It is evident from Fig. 8.7 that 
the average energy of the beta partieles 


neutron — proton + electron + neutrino. 
0 


mass 1 1 
charge 0 + 


from a given source is considerably less 
than the maximum energy. Experi- 
mental data indicate, in fact, that the 
average energy is generally about a 
third of the theoretical energy Emar- 
The question then was: What happens 
to the other two thirds of the energy 
which is undoubtedly released in beta 
decay? The situation was so desperate 
that some eminent physicists suggested 
that the law of conservation of energy 
might not hold in beta-disintegration 
processes, but this view could not be 
entertained seriously. Ultimately, in 
1930, a way out of the difficulty: was 
indicated by W. Pauli (§ 4.64), and 
this was elaborated by the famous 
Italian-born physicist E. Fermi in 
1934.* There is little doubt that the 
atomic nucleus does not contain free 
electrons, but only neutrons and pro- 
tons (84.35); hence, the electrons 
which are emitted as beta rays by 
radioactive nuclei must result from 
the spontaneous conversion of a neu- 
tron into a proton and an electron. 
Pauli suggested that this process was 
accompanied by the emission of an- 
other particle, now called a neutrino;} 
this was assumed to be electrically 
neutral and to have a very small rest 
mass, small even compared to that of 


the electron. Thus, the creation of 
an electron in the nucleus, prior to its 
emission as a beta particle, would be 
represented by the process 


(8.11) 
0 
= 0 


8.52. It will be seen that the two 
sides of the equation balance with re- 
spect to both mass—given to the near- 
est integer—and charge. In a beta- 
decay process, the proton remains in 
the nucleus, but the electron and the 
neutrino are ejected. In order to ac- 
count for the continuous distribution 
of energy among beta particles Pauli 
supposed that the total available en- 
ergy, equal to Emas, was divided be- 
tween the electron (beta particle) and 
the neutrino. Thus the difference in 
energy between Emax and the actual 
value. for any given beta particle 
would be carried off by the accom- 
panying neutrino. 

8.53. Even if it had not been neces- 
sary to postulate the formation of the 
neutrino to account for the beta-par- 
ticle energy spectrum, it would be 
required for another reason. It was 
seen in § 4.86 that the spin components 
of the neutron, proton, and electron 
can be +14 or — 14. Consequently, if 
there is to be a conservation (or bal- 
ance) of spin in the beta-emission 
process, as in other nuclear reactions, 
an additional particle, also having a 
spin component of +% or — l4, is re- 
quired when a neutron changes into a 
proton and an electron. If a spin quan- 


* The concept was first mentioned by Pauli in a letter addressed to his scientific colleagues 


attending a conference at the University of Tübingen in December 
referred to it in discussions at scientific meeti 
1931. The first printed record is in the report of 

the Conference and he published his theory of beta decay a few 


is said to have attended 
months later. 


1930. Subsequent 


m „he 
ngs in the United States and in Italy during 
the 


Solvay Conference of October 1933. Fermi 


tFrom the Italian, meaning a “small neutral one.” The name “neutron” was originally 


used for th: icle, 
(82.118), the ter 


‘after the discovery of the real neutron of unit mass and zero 


), the term neutrino was adopted by Fermi. It will be seen shortly that the particle 
emitted in ordinary beta decay is actually an antiparticle, the antineutrino. 


te 
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tum number of L4 is assigned to the 
neutrino, spin can be conserved in the 
process represented in equation (8.11). 

8.54. In his theoretical treatment of 
beta decay, Fermi considered that the 
beta particle (electron) and neutrino 


^. are created in the conversion of a neu- 


tron into a proton in much the same 
way as a photon (or energy quantum) 
is produced in an electromagnetic tran- 
sition from one energy level to another 
(cf. § 4.46). The mathematical proce- 
dure was similar to that developed by 
P. A. M. Dirac (§ 2.65) in 1928 in his 
quantum-mechanical theory of photon 
emission, except that the electromag- 
netic field was replaced by a postulated 
electron-neutrino field. The expression 
derived for the probability of the emis- 
sion of a beta particle with a particular 
energy contained a dimensionless con- 
stant, called the coupling (or inter- 
action) constant, with a value of about 
107". For an electromagnetic field, the 
corresponding coupling constant is 
equal to 2re/hc, where e is the elec- 
tronic charge, h is Planck’s constant 


(§ 3.30), and c is the velocity of light; 


upon inserting the known values of e, 
h, and c, the coupling constant is found 
to be 1/137.* Thus, the electron- 
neutrino interaetion is very much 
weaker than the electromagnetic inter- 
action, and, as will be seen in $ 12.33, 
it is still weaker than the interaction 
between neutrons and protons in 
atomic nuclei. Beta decay is an ex- 
ample—the first to be discovered—of 
the phenomenon known as the weak 
(or Fermi) interaction, in contrast to 
the stronger electromagnetic interac- 
tion and the even Stronger sírong 
interaction between nucleons.t 

8.55. Verification of Fermi’s expres- 


* Also known as the fine-structure 
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sion for the probability of beta-particle 
emission as a function of energy re- 
quired accurate measurements of beta- 
particle spectra. At first these were not 
available and the earlier tests of the 
theory of beta decay were inconclusive. 
Later work, particularly with artificial 
beta-active radioelements of low and 
medium mass numbers, has given re- 
sults which support the Fermi theory 
of beta decay. Testing of the theory 
has been facilitated by the use of a 
method of plotting suggested in 1936 
by F. N. D. Kurie, J. R. Richardson, 
and H. C. Paxton in the United States. 
They showed that the Fermi probabil- 
ity equation could be rearranged to 
take the form 


K(N/Fy^ = C — (E +1), (8.12) 


where N is the number of beta parti- 
cles of momentum (or energy) lying 
within a certain narrow range, F is a 
complex function of the corresponding 
beta-particle energy E as derived by 
Fermi, and K and C are constants. 
The energy E of the beta particle is 
here expressed in units of moc’, where 
mo is the rest mass of the electron 
and c is the velocity of light. Accord- 
ing to equation (8.12), the plot of 
(N/F)'* against E + 1, often referred 
to in the scientific literature as a Kurie 
plot,t should be a straight line if the 
Fermi neutrino theory is to be sub- 
Stantiated. Where reliable data are 
available it appears that they do give 
a straight line, although a correction 
factor, which can be caleulated, must 


be included for the so-called “for- 


bidden” transitions (§ 8.71). 

8.56. It is of interest at this point 
to compare alpha and beta decays. 
Alpha-particle emission involves the 


because it appeared in A. Sommerfeld’s modifica- 


tion of the Bohr equation that accounted for the fine-structure lines in the spectrum of hy- 


drogen (§ 4.52). 


{A further discussion of the different t fi jon is given i 
i li N e ypes of interaction is given in Chapter 20. 


Also sometimes 
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strong interaction between nucleons 
and should occur many times more 
rapidly than beta decay. In other 
words, the half-lives of alpha-active 
radioelements should be very much 
shorter than of elements which emit 
beta particles. The fact that they are 
not, and that alpha decay is much 
slower, and the half-lives longer, than 
expected for a strong interaction, is due 
almost entirely to the electrostatic 
barrier that makes it difficult for the 
alpha particle to escape from the nu- 
cleus. For beta particles there is no 
such barrier, and the relatively long 
half-lives are accounted for, in part, 


proton — neutron 
mass 1 Fae 
charge +1 0 


by the weakness of the interaction 
between the neutron and proton with 
the electron-neutrino field. Another 
factor, as will be seen shortly, is related 
to the question as to whether the tran- 
sitions in beta decay are allowed or 
forbidden. 


Positive Brra-DEcAY 


8.57. All the beta-active elements 
existing in nature expel negative par- 
ticles, ie. ordinary electrons. But 
there have been obtained in the labora- 
tory a number of radioactive species 
that emit positive beta-particles, i.e., 
positrons (see Chapter 10). It will be 
seen in due course that the basic dif- 
ference between the negative and posi- 
tive beta-emitters is that the nuclei of 
the former contain too many neutrons 
for stability, whereas the latter have 
too many protons. Consequently, just 
as a neutron will change into a proton 
and an electron, in the negative beta- 
active nuclei, as described above, so in 
the positive beta-active species, a pro- 
ton is converted into a neutron and a 
positron. The latter is then emitted as 
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a positive beta-particle. Apart from 
the difference in sign of the expected 
particle, positive and negative beta- 
emitters behave in exactly the same 
manner. All that has been stated above 
in connection with negative beta-par- 
ticles applies equally to positive beta 
particles. 

8.58. The energies of the positive 
beta-particles have a continuous dis- 
tribution satisfying equation (8.12), 
so that the Kurie plot is linear, just as 
for negative beta-particles. The pro- 
duction of a positron by the conver- 
sion of a proton into a neutron is thus 
represented by 


+ positron + neutrino, (8.13) 
0 0 


T1 0 


so that again it is necessary to postu- 
late the formation of a neutrino, which 
shares the energy with the positive 
beta-particle (positron) and also per- 
mits conservation of spin. For the 
present, the particles accompanying 
both negative and positive emission 
will be referred to as ‘neutrinos.’ The 
question of whether they are the same 
or different will be taken up shortly. 


DETECTION OF THE NEUTRINO 


8.59. Apart from the neutrino con- 
cept having proved useful in solving & 
difficult problem in nuclear science, it 
may be wondered if there is any direct 
experimental evidence for the existence 
of such a particle. In view of its very 
small (probably zero) mass, and the . 
absence of electric charge, the neutrino 
would be expected to pass i 
through matter; it would consequently 
be difficult to detect. It may be men- 
tioned in this connection that when 
in 1927 C. D. Ellis and W. A. Wooster, 
in Rutherford’s laboratory, determined 
the heat given out by the beta parti- 
cles from radium E, the value corre- 
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sponded to the average energy, and 
not to the maximum energy, of the 
particles. This result implies that if, 
ni Sr Ss encoder Hd crane 


Sourcebook on Atomic Energy 


Chap. 8 


sufficient energy is available, it should 
be possible to reverse equation (8.11) 
for ordinary beta decay to give 


proton + electron + neutrino — neutron, 


as now supposed, the disintegration | 
energy is shared between beta particles 
and neutrinos, the former gave up all 
their energy, while the latter éscaped 
from the apparatus with virtually no 
loss of energy. 

8.60. Two general procedures have 


proton + neutrino — neutron + positron 


been used to provide positive evidence 
for the supposition that neutrinos ac- 
company beta decay; these may be 
described as indirect and direct meth- 
ods. The indirect approach is to study 
the recoil momentum of the residual 
(or daughter) nucleus in & beta dis- 
integration. When a radioactive nu- 
cleus emits one or more particles, the 
residual nucleus will recoil with a 
certain velocity determined by the 
law of conservation of momentum. 
If a beta (positive or negative) par- 
ticle only is emitted, the direction and 
velocity of the recoil will be different 
from those associated with the emis- 
sion of a beta particle plus a neutrino. 
A number of experiments on nuclear 
recoils have been made and the results 
are not contrary to the neutrino hy- 
pothesis. It is because the effects 
sought are small and difficult to meas- 
ure, and also because they may per- 
haps be explained in other ways, that 
` the conclusion is stated in this negative 
form. 

8.61. The direct method for detect- 
ing the neutrino is based on the possi- 
bility of observing the results of its 
interaction with a Proton. Assuming 


which is the expression for what is 
called reversed beta-decay. According to 
Dirac’s theory of the positron (§ 2.65), 
the electron on the left side of this 
representation can be replaced by a 
positron on the other side, so that the 
process 


(8.14) 


should take place.* In this interaction, 
mass, charge, and spin are conserved, 
i.e., balanced, as they are in the normal 
beta decay. The simultaneous forma- 
tion of a neutron and a positron as the 
result of the capture of a neutrino by a 
proton would provide strong positive 
evidence for the existence of the neu- 
trino. Theoretical calculations indi- 
cate, however, that the probability 
of & neutrino interacting with a pro- 
ton is so small that, on the average, & 
neutrino would travel a total distance 
(although not in a straight line) of 


about a hundred light-years} through | 


water before such interaction occurred! 

8.62. The only hope of detecting 
this rare interaction is in a location 
where the number of neutrinos is ex- 
pected to be extremely large. Such a 
situation should exist in the vicinity 
of a nuclear fission reactor (Chapter 
14), since during operation of the re- 
actor large amounts of negative beta- 
emitting radioelements are produced. 
In 1953, F. Reines, C. L. Cowan, and 
their collaborators, of Los Alamos 
Scientific Laboratory, set up an experi- 
ment near a nuclear reactor at the 
Hanford Works, Washington (§ 14.76), 


* It should be pointed out, as in the footnote to $ 8.51, that the particle involved here is 


the antineutrino (§ 8.67). 


(ve million million) 


reall 
tk light-year is the distance traveled by light in 1 year; it is equivalent to about 5 x 19 
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and obtained preliminary results 
which, while positive, were not com- 
pletely convincing. Consequently, the 
observations were repeated during 
1956 at the Savannah River Plant, 
Aiken, South Carolina, of the U. 8. 
Atomic Energy Commission, where the 
neutrino density was expected to be 
larger than at the Hanford Works. 

8.63. The apparatus consisted of 
five tanks, each 614 feet by 414 feet 
across, Two of these were "target" 
tanks, 3 inches deep, sandwiched be- 
tween three “detector” tanks, 2 feet 
deep. The target tanks contained water 
in which cadmium chloride had been 
dissolved, whereas the detector tanks 
were filled with a solution of an organic 
scintillator (87.50). Over a hundred 
photomultiplier tubes surrounded these 
tanks, so that flashes of light produced 
by gamma-ray photons would be de- 
tected. The apparatus was enclosed in 
a thick layer of lead to prevent entry 
of cosmic-ray and other particles which 
might give false signals. Because of the 
great penetrating power of neutrinos, 
they are capable of passing through 
the lead shield. 

8.64. The idea of the experiment 
was that a neutrino entering the water 
would occasionally interact with a 
proton, producing a positron and a 
neutron. Within an extremely short 
time (about 10° sec) the positron will 
encounter an electron, of which there 
are many available, and then positron- 
electron annihilation will occur. This 
will be accompanied by the annihila- 
tion gamma radiation, consisting, in 
the main, of two photons each carrying 
0.51 MeV energy (§ 3.91). The photons 
will be emitted in opposite directions 
to conserve momentum and so they 
Should be detected by scintillations in 
coincidence in the detector tanks on 
each side of the target tank. 

8.65. In the meantime, the neutron 
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will have traversed a more or less zig- 
zag (or random) path through the 
water. Several millionths of a second, 
on the average, after its birth, it will, 
encounter a cadmium nucleus and be 
captured (8 11.101). One of the conse- 
quences of this capture is the release of 
about 8 MeV of energy which is 
divided among three or four gamma- 
ray photons. These will also enter 
the detector tank and produce light 
flashes, but the scintillations will ap- 
pear after those caused by the positron- 
electron annihilation because of the 
appreciable time elapsing before the 
neutron is captured. The electronic 
counting system associated with the 
photomultipliers is therefore designed 
so that it will record only the produc- 
tion of scintillations (in pairs) sepa- 
rated by the appropriate time inter- 
val, 
8.66. Ideally, the ‘delayed coinci- 
dences,” as they are called, should 
result from the neutrino interacting 
with a proton. There are always extra- 
neous circumstances, however, which 
will produce such coincidences, In 
order to allow for these effects, ob- 
servations were made with the nuclear 
reactor operating, so that neutrinos 
were being produced, and with the 
reactor shut down. The results showed 
that there was a difference of roughly 
70 delayed coincidences per day which 
could be attributed to neutrinos. This 
is very much like the number that was 
expected under the existing experi- 
mental conditions. Exhaustive tests 
were performed to make sure that these 
delayed coincidences were not due to 
any other cause. The general con- 
clusion was that the experiments pro- 
vided positive proof for the existence 
of the neutrino, an elusive, uncharged 
particle with probably no mass, but 
having a definite spin and capable of 
carrying off energy. 
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8.67. There are certain situations in 
which mass relationships indicate that 
double beta-decay, i.e., the simultaneeus 
emission of two (negative) beta par- 
ticles in each act of disintegration, 
might be expected to occur. For ex- 
ample, tellurium-130* (atomic mass 
129,9062 amu) cannot decay into the 
nuclide with one unit larger atomic 
number, iodine-130 (atomic mass 
129.9067) because the latter has a 
slightly larger mass; but decay of 
tellurium-130 into xenon-130 (atomic 
‘mass 129.9035), two units higher in 
atomic number, by the simultaneous 
emission of two beta particles should 
be theoretically possible: Ordinary beta 
decay of iodine-130 into xenon-130 
` should, of course, also be possible and 
has been observed. The rate at which 
double beta-decay might be expected 
to take plice depends upon whether 
or not there exists an antiparticle 
(§ 2.124) of the neutrino, i.e., an anti- 
neutrino, and if it does exist whether 
it is the same as the neutrino or not. 
Since the neutrino has zero mass and 
zero charge, it is difficult, at first sight, 
to conceive that it will differ from an 
antineutrino. Nevertheless, it will be 
seen shortly that the two particles are 
not identical, and a possible explana- 
tion of the difference is given in § 20.53. 

8.68. If the neutrino and antineu- 
trino are different, then the particle 
accompanying ordinary negative beta- 
decay should be the antineutrino. This 
conclusion is based on a conservation 
law, to be treated more fully in Chap- 
ter 20, which requires that, in all equa- 
tions such as (8.11) through (8.14), 
the difference between the numbers of 
electrons and neutrinos that belong to 
matter and those that belong to anti- 
matter must remain unchanged, In 
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equation (8.11), for example, there are 
no electrons or neutrinos (or their anti- 
particles) on the left side of the indi- 
cated beta-decay process; hence, the 
net number on the right side must also 
be zero. Since the electron is a matter 
particle, the neutrino should be an 
antimatter particle, i.e., an antineu- 
trino. In the same manner, it can be 
shown that the neutrino which accom- 
panies positive beta-decay, as repre- 
sented in equation (8.13), is a normal 
matter particle, i.e., the true neutrino. 

8.69. According to the arguments 
presented above and assuming that the 
neutrino and antineutrino are indeed 
different, double beta-decay should be 
accompanied by the emission of two 
antineutrinos. Theory shows that the 
radioactive half-life of the parent 
should then be more than 10% years. 
On the other hand, if the two particles 
are identical, there would be no neu- 
trino (or antineutrino) associated with 
double beta-decay. The energy could 
be distributed between the two beta 
particles and spins could be conserved 
without the neutrinos. The half-life of 
the parent is then expected to be con- 
siderably shorter, namely, about 10” 
years. The direct measurement, of such 
long half-lives as 10* years.is out of the 
question and' so other methods have 
been used to study several possible 
cases of double beta-decay. There are 
no unequivocal results that definitely 
establish the occurrence of double 
beta-decay, but the data do indicate 
that if such decay does occur, the half- 
life must be greater than 10" years, at 
least. 

8.70. Another approach to the prob- 
lem of double beta-decay is based on a 
suggestion made by the Italian-born 
B. Pontecorvo, then in Canada, in 1946 
and developed by L. W. Alvarez 


* The number is the mass number ($6.61) of the Particular isotope under consideration. 
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(§7.107) in 1949 for distinguishing 
between the neutrino and the anti- 
neutrino. If these particles are identi- 
cal, then the neutrinos coming from 
beta decay in a nuclear reactor should 
be capable of interacting with neu- 
trons, as well as with protons; thus, 


neutron + neutrino > 
proton + electron. 


Suppose the neutron is in an atomic 
nucleus; the capture of a neutrino 
would convert the neutron into a pro- 
ton, and a new nucleus, one unit higher 
in atomic number, would be produced. 
An example of this would be the con- 
version of chlorine-37 (atomie number 
17) into argon-37 (atomic number 18), 
which is radioactive. If the neutrino 
and antineutrino are different, how- 
ever, the neutron will not interact with 
the particles (antineutrinos) from a 
nuclear reactor, and no conversion of 
chlorine into argon should be observed. 
In experiments with large volumes of 
the chlorine-containing liquid carbon 
tetrachloride, carried out in 1955 near 
the nuclear reactors at the Savannah 
River Plant, R. Davis of the Brook- 
haven National Laboratory failed to 
detect any formation of argon. This 
result, although negative, does imply 
that the neutrino and antineutrino are 
not the same. It can be concluded, 
therefore, that if double beta-decays 
do occur, the half-lives must be in the 
vicinity of 10% years. Such decays 
would thus be very difficult to detect. 


Bera-Decay TRANSITIONS 


' 8.71. In seeking for a relationship 
between the radioactive decay con- 
stant ^ of beta-emitting radioelements 
and the end-point energy Emax of the 
particles, analogous to the Geiger- 
Nuttall expression for alpha decay 
(§ 8.22), the Canadian physicist B. W. 
Sargent, in 1933, plotted the log ^ val- 


ues for various radioactive species 
against the corresponding values of 
log Emax. He found that most of the 
points fell on (or close to) two straight 
lines. These lines, known as Sargent 
curves, were approximately parallel and 
could be represented by the equation 


A = kB bas (8.15) 


This result is in agreement with the re- 
quirements of the Fermi theory of 
beta decay for large values of the 
energy Emax. The k for the two curves 
differed by a factor of about a hundred, 
so that, for a given end-point energy 
of the beta particles, the decay con- 
stant (or half-life) of a radioelement 
on one curve was roughly a hundred 
times as great as that on the other 
curve. This difference in behavior was 
attributed by G. Gamow to the transi- 
tions in the radioactive processes be- 
ing either “allowed” or "forbidden" 
(§ 4.55). In the former case, the decay 
constant, for'a given energy, would be 
greater than in the latter. 

8.72. When Sargent made this cor- 
relation between decay constants and 
beta-particle energy, the only beta 
emitters known were those occurring 
in nature. As other beta-active spe- 
cies, both positive and negative, were 
discovered, from 1934 onward, it be- 
came apparent that there were many 
points which did not fall on the Sar- 
gent curves. Although the basic idea 
of allowed (or permitted) and forbid- 
den transitions is correct, there are 
definitely more than two categories of 
such transitions, as will soon be ap- 
parent. 

8.73. The theory of beta decay 
shows that the decay constant (and 
half-life) should depend upon (1) the 
energy available in the transition, (2) 
the charge on the product (or daugh- 
ter) nucleus, (3) the difference in the 
resultant angular quantum numbers or 


spins (§ 4.86) of the parent and daugh- 
ter nuclei, and (4) the change (if any) 
in a quantity called the parity. 

8.74. Although parity is a funda- 
mental attribute of a particle or energy 
state in wave mechanics, it has no 
analogy in ordinary mechanics and so 
it is impossible to express its precise 
physical significance. Its meaning.can 
be explained only in mathematical 
language. In wave mechanies, every 
particle (or state) has a characteristic 
property, known as its wave funclion, 
which is determined by the position 
(or coordinates) of. the particle in 
space. The square of the wave function 
then represents the probability of find- 
ing the particle at a specified point.* 
Suppose the wave function of a given 
state is expressed in terms of the 
coordinates z, y, 2; if the signs are 
changed to —z, —y, —2, and the 
value of the wave function remains 
unchanged, then the state is said to be 
one of even parity. If the sign of the 
wave function also changes when the 
signs of the coordinates are changed, 
the parity is said to be odd. In mathe- 
matical terms, 


Vae) = V(—2,—y,—2) even parity 
V(23,2) = —V(—2,—y,—z) odd parity, 


where the symbol y stands for the 
appropriate form of the wave function. 
Since (y)* is equal to (—V*, the square 
of the wave function is unaffected, as 
it should be, by the change in sign of 
the coordinates, regardless of whether 
the state has even or odd parity. In a 
transition between two States, e.g., two 
different nuclei in beta decay, having 
the same parity, the parity. is said to 
be unchanged, but if the two states 
have different parities, the transition 
is said to be accompanied by a change 
in parity. 
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8.75. Of the four factors given in 
§ 8.73 which determine the half-life for 
beta decay, the first two may be com- 
bined in a function f, which can be 
derived from the Fermi theory. In 
1943, E. J. Konopinski, in the United 
States, suggested that the product of f 
and the radioactive half-life T, i.e, fT, 
be used as a basis for comparing beta- 
particle emitters. This quantity is 
called the comparative half-life. Since it 
is usually a large number, it has been 
found more convenient to use its loga- 
rithm, ie. log fT. The greater the 
value of fT (or log fT), the longer is the 
comparative half-life, and the smailer 
the probability of the radioactive 
change. 

8.76. A study of the log fT values 
for several hundred beta emitters, both 
positive and negative, has shown that 
the results fall into a number of more 
or less well-defined groups. These can 
be correlated with the nature of the 
transition (allowed, first forbidden, 
second forbidden, etc.) and the changes 
in the nuclear spin and parity. As a 
rough, approximate rule, it may be 
stated that the greater the change in 
the nuclear spin, the larger is the log fT 
value and the more: highly forbidden 
is the beta-decay process. For large 
values of the energy E... theory indi- 
cates that f is roughly proportional to 

» 80 that for each type of transition 
T Emax will be very roughly constant. 
This is in agreement with equation 
(8.16), since the decay constant X is 
inversely proportional to T, the half- 
life of the radioelement. 

8.77. The smallest values of log fT 
occur in an interesting group of posi- 
tive beta-emitters called mirror nuclet. 
The characteristic of these nuclei is 
that, in each case, the number of pro- 
tons in the parent element exceeds the 


* This is strictly true only if the wave function does not contai imagi ; 
KA d tain any imaginary terms; 


however, the 


unaffected even if it does. 
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number of neutrons by unity. After 
emitting a positron, so that a proton 
is replaced by a neutron, in accordance 
with equation (8.13), the resulting 
(stable) nucleus contains one neutron 
in excess of the number of protons. It 
is because of this reversal in the 
neutron-proton numbers accompany- 
ing radioactive decay that the term 
“mirror” was applied to these nuclei. 
One consequence of this simple ex- 
change between the numbers of neu- 
trons and protons is that both parent 
and daughter nuclei, in their lowest 
energy (or ground) states, have the 
same angular momentum quantum 
numbers. In other words, in the radio- 
active transition the nuclear spin and 
parity are not changed, and the tran- 
sition is “allowed.” Actually, the de- 
cay of mirror nuclei has such a high 
probability, i.e., low value of log fT, 
that the transition is said to be “al- 
lowed and favored” 
lowed.” 

8.78. There are 17 known mirror 
nuclei, from carbon-11 to titanium-43; 
their half-lives range from 1230 sec to 
0.6 sec and the corresponding maxi- 
mum beta-particle (end-point) ener- 
gies are 0,99 MeV to about 5 MeV. 
The values of fT (or of log fT) are 
very close together, however, because, 
as stated above, the factor f makes 
allowance for the difference in the 
energies available for the transitions 
and the charge on the daughter nu- 
cleus, i.e., its atomie number. A few 
examples of the positive beta-decav 
properties of mirror nuclei. are given 
in the accompanying table. The nu- 
merals to the left and right of the 
symbol for the element indicate the 
numbers of protons and neutrons, re- 
spectively, in the specified mirror nu- 
cleus. A few other light nuclei exhibit 
allowed and favored transitions, the 


or "superal- 


Properties or MIRROR NucLEI 


Nucleus T (sec) Emax (MeV) log fT 
Cs 1230 0.99 3.8 
wNes 20.3 2,18 3.4 
Sins 4.9 3.64 3.7 
Aur 1.88 4.4 3.7 
Sex 0.87 4.94 3.6 


log fT values lying roughly between 
3 and 4. For example, for the neutron 
(cf. § 11.9) and hydrogen-3 (tritium), 
both of which are negative beta- 
emitters, log fT is 3.07 and 3.03, re- 
spectively. 

8.79. As the change in the nuclear 
spin &ccompanying the radioactive 
decay increases, and there is also a 
change in parity, the transitions be- 
come less and less favored, as indicated 
by the increase in the log fT’ values. 
For allowed transitions which are not 
favored, log fT is roughly 4.5 to 6; for 
first forbidden transitions, it is about 
6 to 10; and for higher forbidden tran- 
sitions, log fT is generally greater than 
10. One of the most highly forbidden 
transitions is that of indium-115, which 
exists in nature; the nuclear spin 
changes by four units and the log fT 
value is about 23. 


AsmsoRPTION AND RANGE of 
Bera PaARTICLES* 


8.80. Cloud chamber photographs of 
beta particles (Fig. 7.16) are much less 
distinct than those produced by alpha 
particles, since the small mass of the 
former leads to a much smaller specific 
ionization in their paths. Furthermore, 
it is found that the tracks are not 
straight lines, because the beta parti- 
cles undergo frequent scattering. If the 
total length of the track of a beta par- 
ticle could be measured in air it would 
probably be found to be several meters, 
as compared with a few centimeters for 
alpha particles. But such measure- 
ments are difficult to make, and so the © 


* The subsequent discussion applies equally to both positive and negative beta particles. 
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range of a beta particle is usually de- 
fined in terms of the equivalent thick- 
ness (§ 8.10), expressed in mg/cm? or 
in gram/em?, of an absorber, usually 
aluminum. 

8.81. As the result of a series of 
circumstances, fairly good and repro- 
ducible results can be obtained in spite 
of the undoubted variations in actual 
range corresponding to the distribu- 
tion of energy among the beta parti- 
cles. It is an interesting and useful 
fact that, for light elements at least, 
the absorption thickness in mg/cm? 
is almost independent of the nature 
of the absorber. Hence, if a nuclear 
radiation detector is known to have 
a mica window with a thickness of 
5 mg/cm’, the equivalent value for 
aluminum would be approximately 
the same. It is thus possible to make 
allowance for the absorption by the 
window when necessary. 

8.82. The absorption of beta parti- 
cles can be studied by placing the 
radioactive source near the thin wall 
of a suitable counter, and then record- 
ing the counting rate with various 
thicknesses of absorbing material in- 
serted between the source and the 
counter. If a monoenergetic beam of 
electrons is used in such an experi- 
ment, it is found that the absorption 
curve showing the number of particles 
passing through the absorber falls off 
steadily, in a roughly linear manner, 
as the absorber thickness is increased. 
This is quite different from the be. 
havior of alpha particles, where, as 
indicated in Fig. 8.2, the counting rate 
remains almost constant until near 
the end of the range, when it falls 
quite sharply to zero. The reason why 
electrons act. differently in this respect 
is partly because they lose energy by 
conversion into radiation, in addition 
to that used up in the formation of 
ion-pairs, but largely because they 
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undergo very marked scattering, with 
frequent changes in direction, espe- 
cially when passing through a solid 
absorber. 

8.83. Since beta rays are not mono- 
energetic in nature, but consist of par- 
ticles with a wide range of energies, 
the absorption eurves are not linear 
but are more complicated in charac- 
ter. As the result of a curious combina- 
tion of factors, it so happens that if 
the logarithm of the counting rate for 
various absorber thicknesses is plotted 
against the thickness of absorber, 
the points fall on an approximately 
straight line, as depicted in Fig. 8.8. 


LOGARITHM OF COUNTING RATE 


ABSORBER THICKNESS 


Fig. 8.8. Absorption of beta particles in 
matter. 


It will be noted that beyond a certain 
absorber thickness, the counting rate 
no longer decreases but remains almost 
constant. This residual activity is due 
to the presence of the highly penetrat- 
ing braking radiation (bremsstrah- 
lung), i.e., continuous X-rays (§ 4.75), 
resulting from the deflection of the 
fast-moving beta particles by nuclei in 
the absorbing medium. The extent of 
the formation of this radiation in- 
creases with the atomic number of the 
absorber. If gamma ‘radiation accom- 
panies the beta rays, as is often the 
case, the curve for the residual count- 
ing rate is considerably higher, since 
it is now due to the gamma rays in 
addition to the bremsstrahlung. 
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8.84. From a cursory examination 
of Fig. 8.8, it might be concluded that 
the falling portion of the curve could 
be extrapolated to zero counting rate, 
as in Fig. 8.2, to give the effective 
range of beta particles in the ab- 
sorber, apart from the extraneous ra- 
diation. The results obtained in this 
way are, however, very unreliable, es- 
pecially if appreciable amounts of 
gamma radiation are present. A pro- 
posal for overcoming this difficulty, 
made by the English physicist N. 
Feather, in 1938, has been widely 
adopted. The absorption curves of the 
beta particles from the given sources 
are compared with the published data 
for a standard beta emitter, e.g., ra- 
dium E; the latter substance emits 
beta particles free from gamma rays 
and their maximum range is known to 
be equivalent to 476 mg/cm? of alumi- 
num. Consequently, by using the 
standard, the maximum range of the 
beta particles under examination, in 
terms of mg/cm? of aluminum, can be 
derived with the aid of a Feather plot, 
as it is called. Other methods for deter- 
mining beta-particle ranges have been 
proposed, but Feather’s procedure ap- 
pears to have some advantages, even 


if it is not always the most precise. 
8.85. The importance of the maxi- 
mum range Rmax, as obtained in this 
manner, is that it is a characteristic 
property which can be used to iden- 
tify the source and to determine the 
end-point energy Emax of the beta 
particles. A number of measurements 
have been made of both the maximum 
energy, using some form of magnetic 
spectrometer, as described in $8.44 
et seg., and the maximum ranges of 
beta particles from a variety of sources. 
From them accurate data have been 
obtained from which a curve of Bmax 
(in MeV) against Rmax (in mg/cm? or 
gram/cm? of aluminum) has been 
plotted. Hence, if a value of Rimax for 
beta particles from a given source is 
obtained by  Feather's (or other) 
method, the corresponding end-point 
energy Emax can immediately be read 
off from the curve. As a less accurate 
alternative, use may be made of the 
relationship 
Emax (MeV) 
= 1.9Rmax (g/cm?) + 0.17, (8.16) 
which is accurate to within 5 percent 
for Emax values lying between 0.5 and 
3 MeV. 3 


THE PROPERTIES AND EMISSION OF GAMMA RADIATION 


Gamma-Ray INTERACTION © 
wiTH MATTER 


8.86. As stated in $ 2.110, gamma 
rays are electromagnetic radiations 
similar to X-rays, but of shorter wave 
length. Actually it is not possible, as 
far as their behavior is concerned, to 
distinguish between the longest gamma 
rays and the shortest X-rays, but 
it is usual to employ the term gamma 
rays when the radiations originate 
within the nucleus. It was seen in 
$4.1 that characteristic X-rays re- 
sult from transitions between elec- 


tronic, energy levels; gamma rays, on 
the other hand, are associated with 
transitions between nuclear energy 
levels. But once the energy is liber- 
ated, the properties of the resulting 
radiation are determined by the fre- 
quency or wave length or, in other 
words, by the magnitude of the energy 
quantum. In this respect gamma rays 
and X-rays are very similar. Gamma 
rays accompany many radioactive 
changes, irrespective of whether alpha 
or beta particles are emitted. 
8.87. Gamma rays, like X-rays, are 
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highly penetrating; the effective range 
depends on the energy, but it might 
require several centimeters of metal 
_ to reduce the intensity of gamma ra- 
diation to such an extent that it be- 
comes difficult to detect. Gamma rays 
interact with matter in several ways, 
three being important enough to re- 
quire consideration here. The first, 
which is most significant for gamma 
rays of low energy, and for absorbers 
of high atomic number (or atomic 
weight), is the photoelectric effect 
(§ 2.48), whereby electrons are ejected 
from atoms or molecules encountered 
by the radiation. If E is the energy of a 
gamma-ray photon (§ 3.35), then in a 
photoelectric encounter an amount IP; 
equal to the binding energy of the 
electron in the atom, will be required 
to remove the electron, and the whole 
of the remainder E — P is carried off 
by the electron in the form of kinetic 
energy. 

8.88. The second factor contribut- 
ing to the absorption of gamma rays 
is the Compton effect (8 3.36); this 
plays a major role when the absorber 
is a material of low atomic number, 
and the energy of the radiation is 
neither too high nor too low. Neverthe- 
less, increase of the atomic number of 
the absorber increases the extent of 
absorption caused by the Compton 
effect. When a gamma-ray photon 
collides with a free or loosely-bound 
electron, the latter removes some, but 
not all, of the energy of the radiation. 
The actual loss of energy depends on 
the scattering angle of the gamma 
rays, ie. on the angle between the 
direction of the rays before and after 
collision with the electron. In any 
event, as a result of a series of Comp- 
ton encounters, in passing through an 
appreciable thickness of absorber, the 
energy of the gamma rays may be 
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so greatly diminished that they are 
no longer detectable. 

8.89. The importance of the photo- 
electric and Compton effects for 
gamma-ray absorption decreases with 
increasing energy of the photon, and 
at high energies the third factor be- 
comes dominant; this is the formation 
of positron-electron pairs (§ 2.71). As 
shown in Chapter 3, the process re- 
quires a minimum energy of 1.02 MeV, 
and hence it can have no influence on 
gamma radiations with less than this 
energy. The effect. increases rapidly, 
however, as the energy of the gamma- 
ray photon exceeds the minimum 
value. The probability of pair forma- 
tion increases with the square of the 
atomic number of the absorber; this 
explains why gamma rays from tho- 
rium C", with an energy of 2.62 MeV, 
readily produce positron-electron pairs 
when they pass through lead. For ab- 
sorbers of high atomic number and 
gamma rays of high energy, pair- 
production is the main cause of the 
energy loss. 

8.90. As a result of the interactions 
leading to the photoelectric effect.and 
to pair production, the gamma-ray 
photon loses ‘the whole of its energy 
and ceases to exist. In a Compton en- 
counter, on the other hand, the pho- 
ton. is deprived of a part only of its 
energy, as mentioned above; never- 
theless, a fair Proportion is trans- 
ferred to the recoil electron (§ 3.36). 
Consequently, for each interaction be- 
tween a gamma-ray photon and mat- 
ter, the result is either the ejection of 
an electron or the formation of a 
positron-electron pair carrying a con- 
siderable amount of energy. It is the 
ionization (§ 7.5) caused by these sec- 
ondary electrons, produced in the gas 
or ejected from the walls of the 
counter, which provides a means for 
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the detection of gamma rays, as de- 
scribed in Chapter 7. 


ATTENUATION OF GAMMA RAYS 


8.91. The attenuation of gamma 
rays is studied in a manner similar 
to that described for beta particles 
(§ 8.82). Because of the greater pene- 
trating power of the gamma radiation, 
greater thicknesses of material are, of 
course, required to produce the same 
degree of attenuation. For homogene- 
ous gamma rays, consisting of radia- 
tions of a single frequency (or wave 
length) the plot of the logarithm of the 
counting rate (or intensity) against the 
thickness of the absorber is linear.* In 
mathematical language, this means 
that the intensity of the radiation falls 
off exponentially with the thickness 
of the absorber; or if Jp is the intensity 
(or counting rate) of gamma rays from 
a given source when no absorber is 
used, and 7 is the intensity after pass- 
ing through a thickness of z of ab- 
sorber, then 


I= Ie, (8.17) 


where e is the base of natural loga- 
rithms, and y is a characteristic prop- 
erty of the absorber, known as its 
linear attenuation coefficient, t for the 
given gamma rays. By measuring I, 
with & suitable counter, for various 
thicknesses x of the absorbing mate- 
rial, the value of u can be determined 
from equation (8.17). If z is expressed 
in centimeters, as it usually is, then y 
is in units of reciprocal centimeters, 
1.e., emo}, 

8.92. The attenuation coefficient 
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radiation, and a linear plot of the 
intensity against the absorber thick- 
ness will be obtained only if all the 
radiations have the same energy. If 
several rays of different energies are 
present, the plot will not be a straight 
line, but rather a combination of two 
or more lines with different slopes. 
In some cases the curves can be an- 
alyzed so as to give the attenuation 
coefficients for the individual com- 
ponents of the radiation. 

8.93. One of the consequences of 
the exponential attenuation of gamma 
rays is that, theoretically, the inten- 
sity of the radiation should not fall 
absolutely to zero no matter how 
much absorber is used. The situation 
is similar to that considered in § 5.47, 
in connection with radioactive decay. 
However, even if equation (8.17) held 
at very low intensities, which is doubt- 
ful, the radiation ceases to be detect- 
able, so that its intensity becomes 
virtually zero beyond a certain point. 

8.94. Several modifications of the 
attenuation coefficient are used in 
practice, of which two may be men- 
tioned. One is the half-value thickness, 
i.e., the thickness of absorber necessary 
to reduce the gamma-ray intensity to 
half its initial value. This quantity 
is simply related to the attenuation 
coefficient. If equation (8.17) is con- 
verted into the equivalent form in- 
volving ordinary (Briggsian) loga- 
rithms [see equation (5.4)], the result 
can be written as 


log (I/I) = —0.4343yx. (8.18) 
When the intensity of the gamma rays 


varies with the energy of the gamma | is reduced by the absorber to half its 


* This is strictly true only for what is called & “collimated” beam in which any rays that 
have been deviated (or scattered) from the original beam direction by the Compton effect 


do not reach the detector. 
t It was formerly called the abso: 


what different tity which is related to the 
desees in intensity which is expressed 


rather than to 


tion coefficient, but this term is now reserved for a some- 


absorption of energy from the gamma rays, 
as energy per sq cm per sec. 
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initial value, I/I, is Y, and z is the 
half-value thickness, represented by 
21/2; equation (8.18) then becomes 


log 44 = —0.4343yur1, 
so that 


(8.19) 


Hence, if the linear attenuation coeffi- 
cient u, in em units, is known, the 
half-value thickness of the absorber 
for the given radiation, in centimeters, 
ean be readily calculated. 

8.95. Another useful quantity is ob- 
tained upon dividing » by the density 
of the absorber; the result, known as 
the mass attenuation coefficient, is ex- 
pressed in em?/gram. This quantity 
is important because it is roughly 
independent of the nature of the ab- 
sorber for low gamma-ray energies, 
although it inereases somewhat for 
elements of high atomic number. The 
corresponding mass half-value thickness, 
which also does not vary greatly with 
the absorbing material, is equal to zi/ 
multiplied by the density; it is then 
expressed in the familiar gram/cm* 
units used in connection with alpha- 
and beta-particle absorption. The ab- 
sorber thickness in gram/em*? required 
to reduce the gamma-ray intensity by 
one half is related to the mass attenua- 
tion coefficient by an equation exactly 
similar to (8.19). 

8.96. The fact that the mass half- 
value thickness, i.e., the actual (or 
linear) half-value thickness multiplied 
by the density, is almost: independent 
of the nature of the material absorbing 
the gamma rays, means that the higher 
its density the smaller the thickness 
required of a given material to decrease 

I the radiation intensity to a specified 
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extent. For this reason, heavy metals, 
such as iron and, particularly, lead, are 


‘used for shielding from both gamma 


rays and X-rays.* It is of interest to 
note that the approximate constancy 
of the mass attenuation coefficient and 
of the mass half-value thickness means 
that the weights of different materials 
required to decrease the radiation in- 
tensity by a definite fraction are about 
the same. But for substances of higher 
density, the volume, and hence the 
actual (or linear) thickness, will be less 
than for materials of lower density. 
8.97. In order to illustrate the ap- 
plication of some of the expressions 
cited above, consideration will be 
given to the attenuation of 1-MeV 
gamma rays by lead. Since it is the 
general practice to record linear at- 
tenuation coefficients determined ex- 
perimentally as the basic data, this 
information will be used for the pres- 
ent purpose. For the case chosen, y is 
found to be 0.77 cm-!, and so by 
equation (8.19), the half-value thick- 
ness is 0.693/0.77 = 0.90 cm. Thus, 
nine tenths of a centimeter of lead 
will decrease the intensity of 1-MeV 
gamma rays to half its initial value. 
Since the density of lead is 11.3 grams 
per cc, the mass attenuation coefficient 
is 0.77/11.3 = 0.068 cm?/gram; and . 
the mass half-value thickness is 0.90 
X 11.3 = 10.2 gram/em?*. Approxi- 
mately the same values for these last 
two quantities apply to the attenua- 
tion of 1-MeV gamma rays by other 
elements of high atomie number. The 
linear (or actual) half-value thickness, 
however, would vary inversely as the 
density of the absorbing material. 
8.98. It is necessary to emphasize 
that calculations which assume that 
the mass attenuation coefficient and 
mass half-thickness are constant, in- 


* High atomic number gives an added advantage, especially for radiations of high energy, 


because of electron-positron pair formation. 
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dependent of the nature of the absorb- 
ing material, should be made only 
where approximate estimates are ade- 
quate. It will be recalled that the 
contributions of the photoelectric and 
Compton effects decrease with increas- 
ing energy of the gamma rays, whereas 
at energies above 1.02 MeV the im- 
portance of pair production increases 
steadily. The net result of these two 
opposing behaviors is that the attenua- 
tion coefficient at first decreases with 
energy, passes through a minimum, 
and then increases. Although the gen- 
eral nature of the variation of the 
attenuation coefficient with energy is 
the same for all materials, the details 
vary considerably. Consequently, even 
if the mass attenuation coefficient were 
constant and independent of the ab- 
sorber for gamma rays of a given 
energy, it would certainly not be so 
for other energies. 


DETERMINATION OF GAMMA-RAY 
ENERGIES 


8.99. Several methods have been 
employed for ascertaining the energies 
of gamma rays. The most direct pro- 
cedure is to determine the wave length, 
and hence the frequency, utilizing a 
(curved) quartz crystal as a diffraction 
grating (82.94), and using equation 
(2.12). The energy of the photon is 
then given by the quantum theory 
relationship E = hc/A, where h is 
Planck's constant, c is the velocity of 
light, and ^ is the wave length of the 
radiation (83.30). The result can be 
expressed in MeV by means of equa- 
tion (3.6). Since the diffraction meas- 
urements become more difficult as the 
energy-of the photon increases and 
the wave length of the radiation de- 
creases, the method has been used for 
gamma rays of energy up to about 
0.75 MeV only. With a modified erys- 
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tal spectrometer, having two (flat) 
crystals, the measurements have been 
extended to 2 MeV. 

8.100. It was seen in $ 8.87 that, in 
the photoelectric absorption of gamma 
radiation, the kinetic energy of the 
photoelectron is equal to # — P, where 
E is the energy of the gamma-ray 
photon and P is the binding energy of 
the electron. The kinetic energy of the 
electron can be measured by means 
of a suitable magnetic spectrograph 
(§ 8.44), or by determining its range 
in aluminum (§ 8.85); and the binding 
energy can be calculated from the 
wave lengths of the characteristic 
X-rays of the absorber, usually lead. 
From these two quantities the energy 
of the gamma ray can be obtained. 
The Compton recoil electrons resulting 
from the collisions of the gamma-ray 
photons with electrons from a light 
element, such as carbon or aluminum, 
can also be used for determining the 
energy of the photons. The energy of 
the recoil electrons, measured by de- 
flection in a magnetic field or in other 
ways, is related in a fairly simple 
manner to the gamma-ray energy. 

8.101. For gamma rays having ener- 
gies in excess of 1.02 MeV, an excellent 
method for determining the energy is 
based on the formation of a positron- 
electron pair. In the instrument known 
as a pair spectrometer, the gamma 
rays impinge on a thin layer of mate- 
rial of high atomic number, so that pair 
production occurs readily (§ 8.89). The 
emerging positrons and electrons then 
pass through à magnetic field, where 
the positive and negative particles are 
deflected in opposite directions. From 
the radius of the curved path, the 
energy of the particle can be deter- 
mined, just as in the magnetic spectro- 
graph (§ 8.44). Upon adding to the 
sum of the energies of the positron 
and electron the 1.02 MeV required for 
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their formation, the result gives the 
energy of the gamma rays. 

8.102. For several years, the scintil- 
lation spectrometer was used extensively 
for the study of gamma-ray spectra. 
The light output from a sodium iodide 
(thallium activated) crystal is closely 
proportional to the energy absorbed 
from gamma rays (§ 7.54); hence, a 
scintillator of this type combined with 
a pulse-height analyzer can be used in 
gamma-ray spectroscopy. The instru- 
ment is calibrated by means of a source 
emitting gamma rays of known energy. 
Because of its superior resolving power, 
and consequent ability to distinguish 
between photons having small energy 
differences, the lithium-ion drifted 
junction germanium detector (§ 7.75) 
has now largely replaced the scintilla- 
tor for the determination of gamma- 
ray spectra. An example of the results 
obtained with a pulse-height analyzer 
is given in Fig. 7.12. For energies some- 
what greater than 2.5 MeV, the present 
limit of the germanium detector, some 
form of scintillation spectrometer may 

: be employed. For still higher energies, 
use can be made of the Cherenkov 
detector, as outlined in § 7.83. 


INTERNAL CONVERSION 
or Gamma Rays 


8.103. Information concerning gam- 
ma-ray energies has been obtained 
from the phenomenon now known as 
internal conversion. In 1914, E. Ruth- 
erford suggested the possibility that in 
emerging from a nucleus-the gamma 
ray (photon) may produce a kind of 
photoelectric effect with one of the 
orbital (or extranuclear) electrons of 
the same atom. As a result, the energy 
of the photon is transferred to the 
electron. The gamma ray is then said 
to be internally converted. The elec- 
tron which interacts with the gamma- 
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ray photon is ejected from the atom 
with kinetic energy equal to E — P, 
where, as before, E is the gamma-ray 
energy quantum and P is the binding 
energy of the electron in the atom of 
the radioelement emitting the gamma 
radiation. This is presumed to be the 
daughter element in the given disin- 
tegration. If the ejected electron came 
from the first quantum level of the 
atom, called the K level ($ 4.72), then 
P can be replaced by Ex, where Ex, 
aecording to the theory of the origin 
of X-rays, is the energy of the K line 
of the characteristic X-rays of the 
daughter element. Hence, the electron 
should be ejected with a kinetic energy 
of E — Ex. Similarly, if the electron 
originates in the second (L) level, its 
kinetic energy should be E — E;. 

8.104. If the gamma-ray energy E 
has a definite value, then as a result 
of internal conversion there should be 
emitted a number of groups of elec- 
trons having discrete energies. There 
is no doubt that these are the second- 
ary electrons, having definite energy 
values, that have long been known to 
accompany the primary beta-particle 
emission. Because of their definite en- 
ergies, the internal conversion elec- 
trons are said to give a line spectrum, 
which is superimposed upon the con- 
tinuous spectrum of the beta particles 
(8 8.43). It should be mentioned that, 
as a general rule, only a small propor- 
tion of the gamma-ray photons have 
their energy internally converted. The 
fraction of the energy so converted, 
called the internal conversion coefficient, 
depends on the energy of the gamma 
rays and on other factors mentioned 
in § 8.116. 

8.105. The validity of the preceding 
arguments can be checked in several 
ways. The energies of the internal con- 
version electrons have been deter- 
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mined in a number of instances by 
the magnetic spectrograph. If to these 
are added the energy values for the 
appropriate K, L, etc., lines of the 
characteristic X-ray spectrum of the 
daughter element, the sum should give 
the energies of the gamma rays prior to 
conversion. A case which has been 
thoroughly studied is the electron line- 


ELECTRON Line SPECTRUM AND GAMMA 
Rays ron THE Rapium B — Rapium C 


TRANSITION 
Energy | Radium Gamma- 
of C  |Binding| Total Ray 
Electron | X-Ray | Energy | Energy | Energy 
(MeV) | Line | (MeV) | (MeV) | (MeV) 
0.0368 L 0.0161 | 0.0529 | 0.0529 
0.1510 K 0.0887 | 0.2397 | 0.240 
0.1617 K 0.0887 | 0.2564 | 0.257 
0.2041 K 0.0887 | 0.2929 | 0.293 
0.2605 K 0.0887 | 0.3493 | 0.350 


spectrum of the process radium B — 
radium C. A few of the measured 
kinetie energies are given in the table 
together with the binding energies 
derived from the characteristic X-ray 
data of radium C; these are added and 
compared with the accepted values for 
the energies of five gamma rays. The 
excellent agreement of the figures in 
the last two columns provides support 
for the views presented above. Inci- 
dentally, the determination of the en- 
ergies of the conversion ele¢trons thus 
represents another method for evaluat- 
ing gamma-ray energies. 

8.106. It will be noted that the 
0.0529-MeV gamma ray ejects an L 
electron but not a K electron; the 
reason is that the removal of the K 
electron requires 0.0887 MeV, which is 
greater than the energy available in 
this case. The other rays expel L, M, 
and N electrons, in addition to the K 
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electrons, but the results are not 
recorded here. 

8.107. When a gamma ray is inter- 
nally converted and ejects a K, L, etc., 
electron, it is to be anticipated that 
the vacancy will be filled by one of the 
other electrons in the atom. From 
what has been stated in § 4.72, it is 
apparent that this process should be 
accompanied by the emission of the 
K, L, etc., line of the characteristic 
X-rays of the daughter element. Such 
X-rays have, in fact, been observed in 
several instances of internal conver- 
sion, and the energies are found to be 
just as expected according to theory. 

8.108. It is generally accepted that 
the gamma rays accompanying radio- 
active decay are due to transitions be- 
tween energy levels in the daughter 


„| nucleus, rather than in that of the 


parent. That this view is justified is 
shown by the observations made in 
connection with internal conversion 
phenomena. The binding energies of 
the electrons, obtained by subtracting 
their measured kinetic energies from 
the known gamma-ray energies, and 
the observed frequencies of the charac- 
teristic X-rays, to which reference has 
just been made, are definitely those of 
the daughter, and not of the parent, 
element. These facts provide clear 
proof of the contention that the gamma 
rays are emitted from the excited 
daughter nucleus which remains after 
the parent has ejected either an alpha 
or a beta particle. 


Oricin or GAMMA Rays 


8.109. The gamma rays accompany- 
ing radioactive changes, regardless of 
whether they involve alpha or beta de- 
cay, are almost invariably due ‘to.the 
same fundamental circumstances. As 
indicated above, the radioactive tran- 
sition leaves the daughter nucleus in 
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a high-energy (excited) state and the 
excess energy is emitted as gamma 
radiation (Fig. 8.9).* A good illustra- 


PARENT NUCLEUS. 


GROUND STATE 
DAUGHTER NUCLEUS 


Fig. 8.9. Emission of gamma radiation in 
radioactive decay. 


tion of the correlation between the 
gamma-ray energies and those of the 
groups of alpha particles is found in the 
thorium C — thorium C" disintegra- 
tion referred to in § 8.39. 

8.110. Before proceeding to the cal- 
culations, however, it must be pointed 
out that the measured alpha-particle 
energy does not give the total energy 
accompanying a transition, because 
part of the energy is used up in the 
recoil of the daughter nucleus. The 
relative masses of the thorium C" 
nucleus and of the alpha particle are 
208 and 4, respectively, in atomic mass 
units; hence, it can be readily shown, 
assuming conservation of momentum, 
that the total energy liberated in 
a given transition, is (208 + 4)/208 
times the energy carried off by the 
alpha particle. The values obtained 
in this way, together with the corre- 
sponding alpha-particle energies of 
the first five groups, are given in the 
accompanying table. The third col- 
umn contains the differences between 
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the disintegration energy for a given 
group of alpha particles and the value 
for the first group. Since the latter is 


Tuortum C — Txortum C" TRANSITIONS 


Alpha Difference 
Particle Disintegration from 
Energy Energy First Group 
(MeV) (MeV) (MeV) 

6.086 6.203 — 

6.047 6.163 0.040 

5.764 5.875 0.328 

5.622 5.730 0.473 

5.603 5.711 0.492 


the highest, it may be supposed to 
represent the transition from thorium 
C to the lowest nuclear energy level 
of thorium C". The energy differences 
in the last column are then the ener- 
gies of the higher (excited) levels of 
thorium C", as compared with the 
lowest level. 

8.111. If, as indicated earlier, the 
gamma rays arise from transitions be- 
tween energy levels in the daughter 
nucleus, there should be a connection 
between the energies of the gamma 
rays accompanying the thorium C > 
thorium C" process and the energies 
of the various levels derived above. 
Such is undoubtedly the case. At least 
six gamma rays, with energies of 0.040, 
0.327, 0.287, 0.471, 0.432, and 0.451 
MeV, respectively, have been detected 
in this radioactive change, and it can 
be seen from Fig. 8.10 that these 
values can be accounted for, within 
about 0.001 MeV, by the transitions 
indicated by arrows. 

8.112. Many instances of radioac- 
tive changes accompanied by gamma 
rays, some in association with the 
emission of alpha particles and others 
with beta particles, have been investi- 
gated in a manner similar to that de- 
scribed for the thorium C — thorium 


* Positive-beta emission is invariably accompanied by the gamma radiation resulting from 
the annihilation of the slowed down positrons by esaka i5 matter. This fadat is, of 
course, of secondary origin and is not directly connected with the radioactive decay process. 
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C" disintegration. In every case the 
energies of the gamma rays can be 
explained quantitatively in terms of 
transitions between nuclear levels 
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Fig. 8.10. Transitions between nuclear 

energy levels in thorium C” correlated with 
gamma-ray energies. ` 


whose energies have been derived from 
those of the alpha and beta particles, 
as described above. Thus, gamma rays 
may be regarded as a form of nuclear 
spectrum which provides information 
concerning nuclear energy levels, just 
as optical and X-ray spectra permit 
the interpretation of electronic levels. 
The concept of nuclear energy levels, 
with transitions between them accom- 
panied by the emission of gamma rays, 
is applicable to stable, as well as to 
radioactive nuclei, as will be seen 
below. 

8.113. It may be asked why some 
radioactive changes are accompanied 
by gamma radiations, whereas others 
are not. The answer is that the situa- 
tion is determined largely, although 
not entirely, by the nuclear spins. In 
general, if the spin quantum number 
of the parent nucleus is the same as 
that of the daughter nucleus in the 
ground state, the transition is “al- 
lowed.” There will then usually be no 
gamma radiation. A good example of 
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this behavior is provided by the mir- 
ror nuclei referred to in $8.77. In 
nearly all cases there is no (or very 
little) gamma radiation accompanying 
the radioactive decay. If the nuclear 
spins in the ground states of the parent 
and daughter differ, however, the 
transition is "forbidden," to some ex- 
tent at least. There is a strong proba- 
bility that decay will then occur to an 
excited state of the daughter nucleus. 
8.114. The probability of the tran- 
sition from a particular excited state 
of a nucleus to a state of lower energy, 
with the emission of gamma rays, is 
determined by various factors, includ- 
ing the nuclear spins and the difference 
in energy of the two states. Theoretical 
considerations indicate that gamma 
radiations can be divided into two 
general categories, namely, electric and 
magnetic, according to their origin. 
Electric (or E) radiations arise from 
changes in the distribution of the elec- 
tric charges in the nucleus, whereas 
magnetic (or M) radiations are due to 
changes in the distribution of magnetic 
poles. The E and M radiations are 
categorized according to their multi- 
polarity, which is related to the number 
of units of angular momentum, 1, car- 
ried by the emitted gamma-ray pho- 
ton. The multipolarity is equal to 2l, 
so that if Lis 1, the radiation is of the 
dipole type; if 1 is 2, it is quadrupole, 
and if l is 3, the radiation is called 
hexapole, and so on. The symbol M2, 
for example, would be used to repre- 
sent magnetic quadrupole radiation. 
8.115. If I; and Js, where J; is larger 
than I; are the spins associated with 
the two nuclear energy levels involved 
in a transition, the permissible values 
of l are the integers ranging from 
h-I through I, + I». Suppose that, 
in a particular instance, I; is 4 and Iz 
is 1; since I, — I5 is 3 and J; + I5 is 5, 
the "1 values can be 3, 4, and 5. The 
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corresponding radiations would be E3, 
E4, and E5, and M3, M4, and M5. 
Not all of these are possible, however, 
because there is a further restriction 
depending on the parity (§ 8.74) of the 
‘two nuclear energy states. If the tran- 
sition is accompanied by a change in 
parity, then only El, E3, E5, etc., 
i.e., odd electrie values, and M2, M4, 
M6, etc., i.e., even magnetic values, are 
possible. On the other hand, if the 
parity remains unchanged the permis- 
sible radiations are E2, E4, E6, etc., 
and M1, M3, M5, etc. If, in the exam- 
ple considered above, i.e., J; = 4 and 
I; = 1, the parity undergoes a change, 
the radiations can be E3, M4, and E5. 
It will be seen shortly, however, that 
although several radiations may be 
possible theoretically, only the one 
with the lowest multipolarity is ob- 
served in most instances. 

8.116. A special situation arises 
when J; and I; are both zero; in this 
case | must also be zero. Since a photon 
has a spin of unity (8 3.87), its l value 
must be at least 1. Hence, the transi- 
tion between two energy states of 
zero spin cannot be accompanied by 
gamma-ray emission. In this case, the 
virtual gamma-ray photon suffers com- 
plete internal eonversion; all the en- 
ergy of the transition is utilized in 
expelling extranuclear electrons from 
the atom. In fact, it is from a study of 
internal conversion that much infor- 
ination has been obtained concerning 
the characteristics, ie., E or M and 
multipolarity, of the radiation emitted 
in a given nuclear transition. The in- 
ternal conversion coefficient, defined in 
§ 8.104, increases with decreasing en- 
ergy of the transition and with increas- 
ing multipolarity (or l value) of the 
radiation. Exeept.for the special case 
when the spins of both energy levels 
are zero, the conversion coefficient is 
largest when the energy of the gamma- 
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ray photon is small and its angular 
momentum is large. 

8.117. The probability: of a transi- 
tion between two'partieular nucle.r 
energy levels, and hence of the emission 
of the corresponding gamma rays, de- 
pends on the magnitude of the energy 
change and of the character of the 
radiation. For a given energy differ- 
ence, E radiation is more probable 
than M radiation of the same multi- 
polarity, and the probability decreases 
with increasing multipolarity. As a 
result, transitions leading to radiations 
of higher multipolarity than E5 and 
M4 have a very low probability of 
occurrence. In all cases, the transition 
probability decreases as the transition 
(or gamma-ray) energy decreases. 

8.118. When several different types 
of radiation are permitted between two 
given energy levels by the rules given 
in § 8.115, the one with the lowest 
multipolarity, i.e., with the greatest 
probability, is usually the only type « 
observed. An important exception is 
the occurrence of M1 + E2 and El + 
M2 radiations in a numbér of cases, 
and there are also a few minor excep- 
tions. A simple illustration of the | 
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Fie. 8.11. Energy levels in xenon-131 and 
observed gamma-ray transitions. 
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nuclear transitions accompanied by the 
emission of gamma rays is given in 

Fig. 8.11, which shows the energy 
= levels of the xenon-131 nucleus. The 
“numbers at the left of each level in- 
“dicate the spins; a + sign represents 
even parity and a — sign stands for 


_ odd parity. A transition between two 


| 
| 


k 


_ + or two — states means there is no 
- ehange in parity, but one between a + 
and a — state implies a parity change. 
Tt is seen that there is no transition 
"between the !J$— and 14 + states; this 
_ is because the only permissible radia- 
tions are E5 and M6, and these are 
much less probable than the other 
types. 

8.119. It should be pointed out in 


. conclusion that the foregoing consid- 


- erations relating to transitions between 
nuclear energy levels are of general 
applicability. They hold for nuclei of 
all elements, both stable and unstable 
(radioactive). As a result of certain 
interactions, to be described in Chap- 
ter 10, nuclei of a given element may 
acquire sufficient energy for them to 
Occur in one or more excited states. 
"The excess energy is then emitted as 
. gamma radiation of the appropriate 
type, depending on the nuclear spin 
quantum numbers and parities of the 
States between which the transition 
occurs. When the transition probabil- 
ity is small, e.g., for E5 and M4 radia- 
tions, and the energy difference be- 
tween the two states is also small, the 
' excited state can have a significant 
average lifetime, sometimes days in 
length; as-a result, what are called 
isomeric states of nuclei can be formed 
($ 10.146). The study of gamma rays 
emitted by nuclei of all kinds has 
become an important aspect of nuclear 
physics. The information obtained con- 
cerning energy levels has been used to 
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throw light on the internal structure 
of nuclei, as will be seen in Chapter 12. 


Tue MóssBAvER EFFECT 


8.120. A discovery made in 1957-in 
connection with the properties of 
gamma rays has led to the develop- 
ment of a simple technique with many 
applications in physies and chemistry. 
To understand the situation, it is nec- 
essary to consider some general aspects 
of the emission ànd absorption of ra- 
diation. It has been known for many 
years in connection with atomie (or 
optical) spectra. ($4.42) that a given 
atom in its normal state will absorb 
radiation of exactly the same fre- 
quency as it emits when excited.* This 
behavior, called resonant (or resonance) 
absorption, is readily understood on the 
basis of the theory of the origin of 
atomic spectra. Emission of a radiation 
photon corresponding to a particular 
line in the atomic spectrum involves a 
transition from a given excited elec- 
tronic level A to a level. B of lower 
energy, as described in § 4.45. Simi- 
larly, the reverse process of absorption 
must involve the transition from the 
electron energy level B to the higher 
energy level A. The energy differences 
in emission and absorption should, 
therefore, be the same; consequently, 
by equation (4.2), the radiation fre- 
quencies should be equal. 

8.121. The foregoing has referred to 
optieal spectra and electron energy 
levels, but the arguments should be 
equally applicable to nuclear energy 
levels and the frequencies (or energies) 
of gamma rays. Thus, it would appear, 
at first sight, that resonant absorption 
of gamma rays should be observable. 
A more detailed consideration, how- 
ever, shows that the circumstances in 
electronic and nuclear energy level 


* The familiar dark-line « fy sim yarrnd spectrum of the sun consists of absorption lines of 


same frequencies as 


t emission lines of the elements present at the solar surface. 
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transitions.are not exactly alike. Con- 
sider, first; the question of the width 
of a spectral line. Since the two levels 
(electronic or nuclear) between which 
a transition occurs have precise energy 
values, the spectr& line should also 
correspond to an exact énergy and 
have no significant width in terms of 
energy. But this argument does not 
take into account the effect of the 
uncertainty principle ($ 3.46). 

8.122. The excited state in an en- 
ergy transition has a finite average 
lifetime and this implies an uncertainty 
At in the time of emission of the radia- 
tion photon; At may be taken as the 
average life of the excited state. There 
will consequently be an uncertainty 
AE in the energy, where the product 
AEAt is approximately equal to h/2r, 
ie. 1.06 X 10-7 erg sec (§ 3.49 foot- 
note). Since 1 eV is 1.60 X 10-™ erg 
(8 3.33), it follows that 


AEAt X 6.6 X 10 eV sec. (8.20) 


The uncertainty in the energy results 
in a broadening of the spectral line, 
and the quantity called the line width, 
expressed in electron-volt energy units, 
is given by 

AE = 6.6 X 10-°/At eV, (8.21) 


where At is the average life of the ex- 
cited state in seconds. 

8.123. The next point to consider is 
the recoil of the atom (or nucleus) that 
accompanies the emission of a photon. 
Although the photon has no mass, it 
does have momentum, as stated in the 
footnote in § 3.40; it is equal to E/c, 
where E is the photon energy and c is 
the velocity of light. It follows, there- 
fore, by the law of conservation of 
momentum that the atom must recoil 
with the same momentum. Assuming 
the atom of mass m is free to move, 
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the recoil velocity v; is equal to E/me; 
the recoil momentum mp, is then the 
same as that of the emitted photon. 
The kinetic energy of recoil is Vm? 
ie. E*/2me*, and the energy of the 
radiation emitted is reduced by this 
amount. Hence, if E is the difference 
between the two energy levels, elec- 
tronic or nuclear, in a particular tran- 
sition, the actual energy of the emitted 
photon will be E — (E?/2mc?). On the 
other hand, when a photon of momen- 
tum E/c is absorbed by an atom (or 
nucleus), its kinetic energy will be 
inereased by the amount of the recoil 
energy, and the energy that must be 
absorbed from the radiation is E + 
(E*/2mc?). The effect of the recoil 
is thus to introduce a difference of 
2 X E!/2me, i.e., E*/mc, between the 
energies of the emitted and absorbed 
photons in à resonance process. 

8.124. The significance of the results 
derived above will now be examined. | 
An excited electronic state generally 
has a lifetime of about 10-* sec; upon - 
inserting this value for At in equation 
(8.21), the theoretical line width is 
found to be 6.6 X 10-* eV. The actual 
widths of the lines in atomic (optical) 
spectra are, in fact, somewhat greater 
because of the random (or thermal) 
motion of the atoms, which is related 
to their temperature.* In optical spec- 
tra, the energy differences between 
electronie levels are generally a few 
electron volts; suppose, for purposes of 
illustration, that E is 5 eV, ie; 
8 X 10-" erg, and that the atom emit- 
ting (and absorbing) the photon has 8 
mass of 100 amu, ie. 1.66 X 10 
gram (§ 3.82). The total recoil energy 
E*/mc is then 4.3 X 10- erg or 
2.7 X 10-” eV. The energy difference 
between the centers of the emission 
and absorption lines is less than 8 


* The increase in line width is called Doppler broadening, because it arises from the Doppler 


effect of the moving atoms ($ 8.126). 
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hundredth part of the line width, even 
if the thermal broadening is disre- 
garded. Thus, the emission and absorp- 
tion lines in optical spectra overlap 
and the resonance effect is observed. 

8.125. With gamma rays, on the 
other hand, the situation is quite dif- 
ferent because of the considerably 
larger transition energy. In typical 
cases, the line width is similar to that 
for optical spectra, i.e., about 10-* eV. 
But the recoil effect is now very much 
larger because the recoil energy de- 
pends on E*. Even if the gamma-ray 
energy is as low as 5 keV, i.e., 5000 eV, 
the difference E?/mc! between emission 
and absorption energies would be 
2.7 X 10~ eV, which is more than ten 
thousand times:the line width. There 
is consequently no overlap between the 
energies of the emitted and absorbed 
radiations and resonant absorption 
cannot occur. There may be a small 
overlap due to the broadening of the 
lines caused by the thermal motion of 
the atoms. (Fig. 8.12), but it is usually 
of no significance. 


BROADENING 
DUE TO THERMAL 
MOTION 


EMISSION 


ABSORPTION 


INTENSITY 


ENERGY 


Fig. 8.12. Small overlap even of broad- 
ened emission and ebeorption gamma-ray 
anes, 


8.126. A number of proposals have 
been made for increasing the energy of 
an emitted gamma ray by E*/mc' in 
order that it might correspond to the 


absorption energy, thus .permitting 
resonant absorption to occur. Success- 
ful experiments were performed’ by 
P. B. Moon and his associates in Eng- 
land, starting in 1951, by making use 
of the Doppler effect. When an emitter 
(or souree) of waves, either sound or 
electromagnetic radiation, is traveling 
toward an observer (or detector), the 
waves are compressed between the 
source and the detector. The wave 
length is thus decreased and the fre- 
quency is increased. For electromag- 
netic waves there is consequently an 
increase in energy of the radiation, in 
accordance with equation (3.2). Con- 
versely, if the source is moving away 
from the detector, the waves are spread 
out; the wave length is increased, and 
the frequency and energy of electro- 
magnetic radiation are decreased.* The 
magnitude of the Doppler shift, i.e., the 
energy change, in either direction is 
equal to Ev/c, where E is the energy 
of the emitted radiation and v is the 
velocity of the source relative to the 
detector; for electromagnetic radia- 
tion, c is the velocity of light. If the 
Doppler shift is set equal to the recoil 
effect E?/mc?, the corresponding veloc- 
ity of the source is E/mc. 

8.127. In the experiments mentioned 
above, Moon used mercury-198 as the 
emitter of gamma radiation of 412 
keV energy; the total recoil energy dif- 
ference between emitted and absorbed 
radiation is then 0.92 eV. To increase 
the energy of the emitted radiation by 
such an amount, by utilizing the 
Doppler effect, the velocity E/mc 
should then be about 6.9 X 10* cm 
per sec. In order to attain this velocity, 
the source of gamma rays was pli 
at the tip of a motor-driven rotor and 
spun at high speed. Resonance absorp- 


* A familiar example of the Doppler effect is the change in pitch (r frequency) of the sound 


from an automobile horn or a train w] 
from a stationary listener. 


as the moving vehic! 


le approaches and recedes 
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tion was then observed to occur when 
the source was moving toward the 
absorber at a velocity very close to the 
calculated value. 

8.128. The work just described was 
important in the respect that it con- 
firmed the basic theory of resonant 
absorption of gamma rays, but it had 
no other consequences. The situation 
underwent a dramatic change, how- 
ever, as a result of the observations 
made in 1957 by the German physicist 
R. J. Méssbauer in the course of his 
graduate research on the scattering of 
gamma rays. When photons coming 
from a particular direction interact 
with electrons (and nuclei) in matter, 
the photons are scattered (§ 3.36) and 
are thus emitted in many different 
directions. While studying the scatter- 
ing by solid iridium of gamma-ray 
photons from excited iridium-191, 
Móssbauer noted that, contrary to ex- 
pectation, the scattering increased 
when the temperature was decreased. 
The only reasonable explanation was 
that resonant absorption of the gamma 
radiation was occurring in the iridium 
and that, as is commonly the case, the 
absorbed radiation was subsequently 
emitted in all directions, i.e., scattered. 

8.129. Méssbauer then proceeded to 
confirm this interpretation of his re- 
sults. A source of radioactive osmium- 
191 produces an excited state of 

—iridium-191 by beta decay. The gamma 
rays from the iridium-191 were passed 
through an absorber of normal iridium, 
which contains 39 percent of iridium- 
191, and then on to a detector. The 
source was located at the rim of a turn- 
table and by moving it relative to the 
absorber, the energy of the emitted 
gamma-ray phofon could be increased 
or decreased as a result of the Doppler 
shift (Fig. 8.13). The amounts of 
gamma radiation removed by the ab- 
sorber for different velocities of the 
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source were determined by the de- 
tector. Absorption was found to be a 
maximum when the relative velocity 
was zero. A very small rate of motion 


SOURCE 


DETECTOR 
TURNTABLE ‘ABSORBER 


DEH 


Fic. 8.13. Schematic of arrangement for 
observation of the Méssbauer effect. 


of the source, a little over 1 em per sec 
in either direction, corresponding to a 
photon energy change of less than 10-* 
eV, reduced the absorption by half. 
This is exactly what is to be expected 
for resonant absorption of the gamma 
radiation. But why does resonance 
occur? The surprising answer which 
Méssbauer established is that, due to 
various circumstances, the recoil en- 
ergy has been reduced to such an 
extent that it is now much less than 
the line width, as is the case with 
optical (electronic) spectra. 

8.130. The calculation of recoil en- 
ergy in § 8.123 is based on the supposi- 
tion that the atom (or nucleus) which 
emits or absorbs the photon is free to 
move. This is true for gases and liquids 
but not necessarily for solids. In a 
solid, the atom is part of a structure 
(or lattice) of a crystal and chemical 
bonds connect it to adjacent atoms. 
The atom would be free to recoil only 
if the recoil energy were sufficient to 
break those bonds. The energy re- 
quired is about 15 to 30 eV and this 
would be available only if the photon 
energy is at least a million electron 
volts. The energy of the photon from 
the excited iridium-191 used by Móss- 
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bauer is 129 keV, and so bond break- 
age could not occur. 

8.131. Even if the atom is not com- 
pletely free, the recoil energy could be 
taken up in vibrations of the nuclei in 
the crystal lattice. The vibrational 
energy is quantized, however; that is 
to say, vibrational energy can be taken 
up only in whole numbers, e.g., 1, 2, 3, 
etc., of the vibrational quanta, ealled 
phonons, and not in fractions of pho- 
nons. If then the phonon for the given 
solid is large compared with the free- 
atom recoil energy, the vibrations can- 
not be excited. In this event, the solid 
as a whole takes up the recoil momen- 
tum arising from the emission of a 
photon. Thus, in the expression H?/me* 
for the combined emission and absorp- 
tion recoil energy, m becomes the mass 
of the whole solid emitter or absorber 
of gamma rays, rather than of a single 
atom. Since m is now of the order of 
grams, rather than 10-? gram, the 
recoil energy is insignificantly small, 
eg. 10-% eV or less, and resonant 
absorption becomes possible. This is 
the situation which existed in Möss- 
bauer’s experiment; the  recoil-free 
emission and resonant absorption of 
gamma radiation is thus known as the 
M óssbauer effect. 

8.132. The reason why the recoil- 
free phenomenon had mot been ob- 
served before is that the necessary 
conditions are rarely satisfied. In fact, 
among the hundreds of possible 
gamma-ray emitters, only about 30 
have been found suitable for studying 
the Méssbauer effect. One essential 
requirement is that there should be a 
significant fraction of no-phonon proc- 
esses, i.e., gamma-ray photon absorp- 
tions in which there is no excitation 
of vibrations of atoms in the crystal 
lattice. Consequently, the gamma-ray 
energy must not be large, and the 
practical upper limit is considered to 
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be about 150 keV. For some materials 
it is necessary to operate at low tem- 
perature to prevent vibrational excita- 
tion; this was the case in Móssbauer's 
original work with iridium. Among 
other requirements are the following: 
The parent of the gamma-ray emitter 
must have a half-life of at least a few 
days, so that the radiation intensity 
remains essentially constant during the 
course of an experiment. The gamma- 
ray emitter itself should be an. excited 
state of a stable species; the absorber 
does not then emit any radiations 
which could be confused with the 
gamma rays. Furthermore, the prob- 
ability of absorption must be high 
compared with other processes in 
which low-energy photons could take 
part, e.g., the photoelectric effect and 
internal conversion. 

8.133. The most useful species for 
the study of the Méssbauer effect, and 
the one with which most work has 
been done, is iron-57. In the normal 
(ground) state it is stable and is present 
to the extent of some 2.2 percent in 
ordinary iron. Measurements can be 
made at room temperature, although 
more precise data are obtained by : 
cooling. The excited state, with an en- 
ergy of only 14.36 keV above the 
ground state, is produced by the 
process of orbital-electron capture 
(810.138) in cobalt-57, which has a 
half-life of 270 days. The relatively 
long half-life of cobalt-57 and the fact 
that it does not emit beta particles are 
advantageous. The average lifetime of 
excited iron-57 is 1.4 X 10-7 sec, and 
the corresponding line width is roughly 
5 X 10? eV. Emitters giving narrower 
gamma-ray lines are known, but their 
use requires extremely accurate con- 
trol of the source motion utilized in 
studying the Méssbauer effect. After 
iron-57, the substance employed most 
frequently is probably tin-119, and a 
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fair amount of work has also been done 
with some rare-earth elements. 

8.134. Applications of the Möss- 
bauer effect are based essentially on 
the small line width; since both emis- 
sion and absorption of gamma rays are 
involved in the experiments, the effec- 
tive width is twice the value derived 
from equation (8.21). The small line 
width makes it possible to study the 
splitting of lines into their components 
by magnetic fields and also to deter- 
mine extremely minute changes in the 
energy of a gamma-ray photon. Such 
small changes can result from varia- 
tions in the immediate environment 
of the nucleus, e.g., in the density of 
the surrounding electrons, 

8.135. The experimental technique 
is the same as that described in § 8.129, 
except for the use of refined methods 
for moving the source at accurately 
known velocities. The absorber, which 
must contain the same species as the 
gamma-ray emitter, e.g., iron-57, is 
stationary. The photons that pass 
through the absorber are observed with 
a scintillation counter or semiconduc- 
tor detector. A plot is then made of the 
count rate against the velocity of the 
source, both toward and away from the 
absorber. The minima in the count 
rate give the source velocities at which 
maximum, i.e., Tesonant, absorptions 
occur. From these velocities, the 
gamma-ray energies from the given 
Source can be compared with the 
Standard represented by the absorber. 
Tf the source and absorber nuclei have 
identical environments, resonance will 
occur at zero velocity, as in Méss- 
bauer’s original experiment. 

8.136. If v is the source velocity 
which gives resonant absorption, the 
gamma-ray energy difference from the 
standard value E is Ev/c, as given in 
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§ 8.126. To provide quantitative in- 
formation, Ev/c should exceed the 
Móssbauer line width; thus, for 
iron-57, the total width is 2 x 5X 
10 = 10-* eV. Since E is 14.36 keV, 
it follows that the minimum useful 
source velocity is 0.02 cm per sec. 
Thus, a change as small as 10-7 eV 
in the gamma-ray energy, representing 
less than 1 part in 10", could be readily 
detected with a source velocity of 0.2 
em per sec. It is the relative ease of 
observing such minute energy differ- 
ences that represents the refharkable 
aspect of the Méssbauer effect. 

8.137. One application of the effect 
is to determine the spins and magnetic 
moments of the Móssbauer nuclei in 
their excited states. The moving source 
should be in a nonmagnetie environ- 
ment, so that the nuclear energy 
level is not split by a magnetic field 
(§ 4.101), but the Stationary absorber 
must be in a magnetic field.* If I is the 
nuclear spin in the excited State, reso- 
nance absorption can then occur in any 
of 2I 4- 1 excited levels produced by 
the absorption of a photon of the ap- 
propriate energy. The absorption spec- 
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Fic. 8.14. Determination of nuclear spin 
of excited state of erbium-166 from the 
Mossbauer spectrum. 
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*The magnetic field, whose value need not be known, can be obtained by incorporating 


the absorber in a magnetic material, 
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trum obtained by the Mossbauer 
technique will thus show a hyperfine 
splitting into 27 + 1 parts, assuming 
that 7 —0, i.e., 27-+1=1, in the ground 
state; hence, the nuclear spin can be 
determined. For example, Fig. 8.14 
shows the absorption curve for differ- 
ent source velocities obtained with an 
absorber of erbium-166 in a magnetic 
field. It is seen that the excited state 
is split into five sublevels; thus 27 + 1 
is 5 and the nuclear spin is 2. 

8.138. The splitting energy, i.e., the 
energy difference between adjacent ab- 
sorption maxima, as derived from the 
source velocity differences, is related 
to the product of the nuclear magnetic 
moment and the field strength. Con- 
sequently, if the latter is known, the 
moment of the excited state can be 
evaluated. The situation is more com- 
plex in materials, such as iron, which 
have magnetic properties, because the 
levels are automatically split in both 
ground and excited states. Neverthe- 
less, analysis of the Méssbauer absorp- 
tion spectrum permits determination 
of the nuclear spin in the excited state 
if that in the ground state is known. 

8.139. One of the most extensive ap- 
plications of the Mossbauer effect has 
been to the study of internal magnetic 
fields in metallic compounds and alloys 
which have magnetic properties. As 
seen above, the splitting energy is de- 
pendent on the nuclear magnetic mo- 
ment and the field strength. The mag- 
netic moment of the nucleus in the 
excited state can be measuréd inde- 
pendently and then used to determine 
internal magnetic field strengths from 
the splitting energy in an experimental 
material. These internal fields are de- 
termined by the arrangement of the 
electrons in the atom. 

8.140. The use of recoil-free reso- 
nance in chemistry depends on the 
very small effects on the nuclear energy 
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levels, and hence on the gamma-ray 
energy, produced by the electronic en- 
vironment of the nucleus. The energy 
changes are of the order of 10-5 or 1077 
eV and so can be readily determined 
by the Móssbauer technique, although 
not in any other known way. Different 
chemical states of an atom are asso- 
ciated with differences in the electron 
distribution around the nucleus and 
are accompanied by characteristic 
changes in the gamma-ray energy. The 
energy change is usually expressed in 
terms of the velocity of a standard 
(or reference) source required to pro- 
duce resonance absorption in a particu- 
lar stationary absorber. The observed 
velocity is called the isomer shift, be- 
cause it arisés from changes in the 
energy of the excited nuclear state, 
which is also called the isomeric state 
(88.119), as well as of the ground 
state. It is also sometimes referred to 
as the chemical shift, since it is related 
to the chemical environment of the 
atom. 

8.141. Two nuclides, in particular, 
have been used in applications of the 
isomer shift, namely, iron-57 and tin- 
119. Various compounds of iron and 
tin, respectively, are used as the sta- 
tionary absorber, whereas the moving 
reference source is the gamma-emitting 
isotope. In these cases the isomer shift 
depends on the valence state of the 
absorber atom, e.g., a valence of two 
or three for iron and two or four for tin. 
Moreover, there are variations related 
to the type of bonding of the atom, 
i.e., covalent or electrovalent. Com- 
pounds containing the element in the 
same valence condition do not neces- 
sarily have the same isomer shift, but 
the values fall into distinct groups for 
each valence type. The magnitude of 
the isomer shift provides detailed in- 
formation concerning the electron den- 
sity in the neighborhood of the atomic 
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nucleus in the various compounds. An 
interesting conclusion drawn from 
Móssbauer studies is that the iron 
atom in the molecule of hemoglobin 
changes from an electrovalence of two 
to a covalence of two upon combina- 
tion with oxygen.* On the other hand, 
in hemin, obtained by mild chemical 
decomposition of hemoglobin, the iron 
has an electrovalence of three. i 
8.142. There are numerous applica- 
tions of the Méssbauer effect, but 
perhaps the most striking is the dem- 
onstration on a laboratory scale of the 
existence of the gravitational shift of 
spectral lines, predicted by the theory 
of relativity. According to the Einstein 
mass-energy equation (3.13), a photon 
of energy Æ should have an effective 
mass m equal to E/c*. If this photon 
drops through a vertical distance d 
under. the influence of gravity, its 
energy should increase by mgd, i.e., 
Hgd/c?, where g is the acceleration due 
to the earth’s gravity. The fractional 
increase in energy, i.e., the actual in- 
crease divided by the energy E, is 
therefore gd/c’. Similarly, if the photon 
were to move a distance d upward, 
away from the earth, its energy would 
decrease by the same amount. t Thus, 
if a photon were to fall through a height 
of 30 meters, i.e., roughly 100 feet, 
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the fractional energy increase would 
be about 3 X 10-5; the same frac- 
tional energy decrease would apply to 
a photon which traveled the same 
distance away from the earth. 

8.143. Although the gravitational 
effect on the photon energy is ex- 
tremely small, it appeared to several 
physicists in the United States, in 
England, and in the U.S.S.R. that it 
might be detectable by the shift in the 
Méssbauer absorption. The rate of 
motion of the source would, of course, 
have to be very slow, eg. about 
6 X 107* em per sec or an inch per 
hour. The most. reliable experiments 
designed to determine the gravitational 
shift are those made since 1959 by 
R. V. Pound and his associates at Har- 
vard University. A movable gamma- 
ray source of iron-57 was located at a 
distance of 74 feet from a stationary 
absorber of the same material. In some 
experiments the source was above the 
absorber so that the gamma-ray energy 
should increase; in.other cases, the 
source and absorber were interchanged 
and then a decrease in energy was 
expected, The results obtained con- 
firmed both the sign and expected 
magnitude of the gravitational shift, 
within an accuracy of 1 percent. 
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The effect of gravity on photons is commonly UBL EMI with reference to a photon leaving 
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Chapter 9 


INTRODUCTION 


INCREASE IN VELOCITY AND Mass 


9.1. A particle accelerator is a device 
for increasing the kinetic energy, i.e., 
the energy of motion, of electrically 
charged particles. At low and moderate 
velocities, up to about one tenth of the 
velocity of light, the kinetic energy is 
equal to }4mv?, where mp is the rest 
mass of the particle and v is its veloc- 
ity." Since m, is constant, it follows 
that an increase in kinetic energy im- 
plies an inerease in velocity. It is tor 
this reason that the name accelerator is 
given to the machine for increasing the 
kinetic energy. 

9.2. As the velocity of a particle 
approaches the velocity of light, the 
mass is no longer constant but increases 
with the velocity (8 3.64). In these 
circumstances an accelerator can en- 
hance the kinetic energy with very 
little increase in the velocity. It was 
suggested by W. W. Hansen (§ 9.124) 
in 1948 that, when the so-called accel- 
erator causes an increase in mass rather 
than in velocity, the device be called 
a ponderator (Latin, pondus, a weight). 


Although this term has not come into 
general use, the concept is an impor- 
tant one, as will be seen later (§ 9.46). 


APPLICATIONS OF PARTICLE 
ACCELERATORS 


9.3. When charged-particle accel- 
erators were first developed, their main 
Purpose was to provide nuclei with 
sufficient energy to overcome the elec- 
trostatie repulsion of other nuclei and 
thus permit them to interact (8 10.16). 
Many nuclear reactions of various 
types have been studied in this manner 
at higher and higher particle energies 
and much useful information has been 
obtained. In more recent times, how- 
ever, the major use of particle accel- 
erators has been found in other areas 
of nuclear science (see Chapter 20). 

9.4. One important field of accel- 
erator activity is in the creation of 
new particles. The muon, various 
mesons ($ 2.128), and other particles 
were discovered in studies of the inter- 
action of cosmic rays with matter. The 
cosmic-ray particles have high energies, 


* In general, the kinetic energy of any particle of rest mass m and velocity v is given by 
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some extremely high, but their in- 
cidence is variable and uncertain. For- 
tunately, particle accelerators can be 
used to produce high-energy particles 
that are equivalent to those present in 
cosmic rays. The interaction of such 
particles can then be studied in the 
laboratory at will and under controlled 
conditions. Not only has the behavior 
of cosmic rays been duplicated in this 
manner, as regards the production of 
muons, mesons, etc., but several addi- 
tional particles, not previously known, 
have been identified, 

9.5. Reference may be made in this 
connection to one example of special 
interest. Calculations had shown that 
protons with an energy of about 
5.6 billion (5.6 X 10°) electron volts 
(83.33) would be required to create 
antiprotons and antineutrons, which 
are not known to occur in nature.* 
This was one of the considerations in 
the design of the Bevatron accelerator 
at the University of California which 
was completed in 1954 (89.76). The 
use of this accelerator did indeed lead 
to the discovery of the antiproton and 
the antineutron, as was seen in Chap- 
ter 2, and also of other particles. 

9.6. Other applications of accelera- 
tors have been in studies designed to 
throw light on the complex and pos- 
sibly related problems of nuclear struc- 
ture, nuclear forces, and the strong 
and weak interactions (§ 20.22). For 
example, energetic particles of several 
different types are used as probes to 
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study nuclei and their components; the 
higher its energy, the farther can the 
incident particle penetrate into the in- 
terior of a given nucleus or nucleon. 
As part of this program, many exper- 
iments have been made of proton-pro- 
ton, proton-neutron, and neutron-neu- 
tron scattering over a wide range of 
energies. The results have helped to 
provide some understanding of the 
forces holding the nucleons together in 
atomic nuclei (8 12.22). Analogous in- 
vestigations with neutrinos, muons, 
and various mesons may contribute in 
due course to an interpretation of the 
weak and strong interactions among 
nuclear and subnuclear particles. Tt is 
of interest in this connection that there 
are several designs for so-called “meson 
factories," in which protons of 400 to 
1000 million electron volts energy are 
used to produce intense beams of pions. 
Natural decay of the latter can, in 
turn, yield muons and neutrinos of 
high energy. 

9.7. At the present time, the accel- 
erator is the basic instrument in the 
rapidly growing branch of nuclear sci- 
ence known as high-energy (particle) 
physics. Many discoveries of funda- 
mental significance have already been 
made, as will be seen in the course of 
this book, and still more may be ex- 
pected in due course. Consequently, 
the remainder of the chapter will be 
devoted to a description of various 
types of particle accelerators, past, 
present, and future. 


ELECTROSTATIC ACCELERATORS 


THE CockcRorr-WALTON 
(VOLTAGE MULTIPLIER) 
ACCELERATOR 

9.8. An electrostatic accelerator is one 
in which a high voltage is built up 
* The energy 
isolated nucleon at rest. If the 
quired proton energy is somewhat less. 


between two terminals and the charged 
particles are accelerated in their pas- 
sage across the intervening space. If y 
volts is the potential difference be- 
tween the terminals, a charged par- 


of 5.6 X 10* eV i ulated for an accelerated proton interacting with an 
x ated of nuclei containing several nucleons, the re- 
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ticle with a single (electronic) charge, 
either positive or negative, will acquire 
an energy of V electron volts (eV) in 
this manner. ‘ 

, 9.9. One form of electrostatic accel- 
erator is the voltage multiplier (or 
cascade rectifier) employed by J. D. 

' Cockcroft and E. T. S. Walton at the 
Cavendish Laboratory, Cambridge, 
England.* Although it was not the first 
instrument used in the production of 


charged particles of high energy, it is 
of historical interest as being the first 
accelerator with which a purely ar- 
tificial nuclear transformation was 
achieved (§ 10.20). The principle of 
the voltage multiplier had been utilized 
previously to accelerate electrons and 
in 1929 Cockcroft and Walton adapted 
it to produce protons with energies up 
to 380,000 eV, i.e., 380 keV or 0.38 
MeV (§ 3.33). Two years later, it was 
found that such protons were able to 
cause the disintegration of lithium 
nuclei, as will be seen in Chapter 10. 
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9.10. The operation of the Cock- 
croft-Walton accelerator may be illus- 
trated by reference to Fig. 9.1. A num- 
ber of capacitors, Ci, C», Cs, Ca, ete., 
of equal capacitance, are arranged as 
shown, together with a set of rectifiers, 
Sy S» S; Sa, etc. These rectifiers, 
which were of the vacuum-tube type 
in the original machine but are made 
of selenium in many later models, act 
effectively as switches, and are rep- 


| 


C; 


I I 
Fig. 9.1. Voltage multiplier principle used in the Cockcroft-Walton accelerator. 


resented as such in Fig. 9.1. An elec- 
tric current flowing in one direction 
will pass through the rectifier, which 
thus acts as à closed switch; current 
in the opposite direction will be blocked 
by the rectifier which then functions 
as an open switch. The transformer T 
is à source of a high-voltage alternating 
potential? which may range from 
25,000 to 100,000 volts at the second- 
ary (output) terminals. When the al- 
ternating current from T' is in one 
direction, the rectifier S; is effectively 
a closed switch whereas $} behaves 


* The same principle was used by H. Greinacher in Switzerland in 1920 to obtain high 


voltages. 
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like an open switch (Fig. 9.1, T); in the 
next half-cycle, the current direction is 


reversed and S, is open whereas S is. 


closed (Fig. 9.1, II). The situation is 
reversed in each successive half-cycle. 

9.11. When 8; is closed, the capac- 
itor C, is charged up to a potential Vi 
(Fig. 9.1, I), which is almost equal to 
that supplied by the transformer T. In 
the next half-cycle, when S; is effec- 
tively open and 5, is closed, part of the 
charge on C, is transferred to C3. Dur- 
ing the following half-cycle, C: receives 
more charge which it again shares with 
Cs, and so on. Eventually, both C; and 
C; are charged up to the potential Vi, 
so that V: (Fig. 9.1, II), which is the 
sum of the voltages across C, and C2, 
is equal to 2V;. The arrangement of 
two capacitors and two rectifiers, act- 
ing as switches, is thus a voltage doubler, 
and several such doublers constitute a 
voltage multiplier, sometimes referred 
to as a cascade rectifier. In one stage, 
the voltage is doubled in two stages 
it is quadrupled, in three stages it is 
increased six-fold, etc. 

9.12. The high voltage between the 
terminals of the machine is applied to 
the charged particles, e.g., positive ions 
or electrons, by means of an evacuated 
accelerating tube. This is usually made 
up of sections of glass, porcelain, or 
other insulating material joined by 
vacuum-tight seals. An electrode at 
the upper end of the tube is connected 
to the high-voltage terminal of the 
Cockeroft-Walton accelerator and an- 
other electrode at the lower end is 


' eonnected to ground, as also is the sec- 


ondary of the transformer T in Fig. 
9.1. To make the potential drop uni- 
form along the length of the acceler- 
ating tube, intermediate electrodes, in 
the form of metal rings placed at ap- 
propriate intervals within the tube, 
are connected to V2, etc. The ions to 
be accelerated are injected from a suit- 


able source, commonly one in which 
an electrical discharge is passed through 
the appropriate gas, e.g., hydrogen gas 
for protons. Electron beams are ob- 
tained by electrically heating a metal 
wire, usually tungsten, as in cathode- 
ray tubes such as are used in oscillo- 
scopes and television receivers. 

9.13. Starting with & potential of 
100,000 volts across the secondary coil 
of the transformer, Cockcroft and 
Walton obtained an output of nearly 
400,000 volts in their first accelerator. 
In later forms of the apparatus, based 
on the voltage multiplication principle, 
particle energies up to 4 MeV have 
been realized. The Cockcroft-Walton 
machine has the advantage of simplic- 
ity of design and construction. Al- 
though the maximum energies are 
lower than those from other types of 
accelerator, it provides fairly large ion 
currents at constant voltage. It is con- 
sequently used in many laboratories 
for studies in particle physics that 
require only moderately high energies. 
As will be seen in due course, the 
Cockeroft-Walton accelerator is also 
employed as the source of ions in some 
machines designed to produce par- 
ticles of much higher energy. 

9.14. The voltage multiplier can be 
applied to accelerate charged particles 
of various kinds, e.g., protons (hydro- 
gen nuclei), deuterons (deuterium nu- 
clei), and alpha particles (helium 
nuclei), generated by ionization of the 
appropriate gas. Commercial instru- 
ments are available for producing neu- 
trons by the interaction of energetic 
deuterons, accelerated by a Cockcroft- 
Walton machine, with tritium (hydro- 
gen-3) nuclei (§ 10.62). 


Tue VAN DE GRAAFF 
ELECTROSTATIC ACCELERATOR 


9.15. The essential principle of the 
high-voltage electrostatic accelerator (or 
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generator), developed by R. J. Van de 
Graaff in the United States, is similar 
to that employed in various forms of 
apparatus, such as the Wimshurst 
machine, which have been used in lab- 
oratories for many years to obtain dis- 
charges of static electricity. The instru- 
ment makes use of two facts long 
familiar to physicists. The first is that 
a conducting sphere (or other hollow 
body) is able to accept any available 
charge, irrespective of its own voltage. 
It is thus possible to build up the 
potential by continuously. supplying 
ers charge to the sphere. The sec- 
ond fact is that discharge of electricity 
occurs readily at pointed objects. 

. 9.16. The instrument consists of a 
belt A, made of paper, silk, rayon, or 


Fig. 9.2. Schematic representation ofthe 
Van de Graaff electrostatic generator 
(accelerator). 
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other flexible, nonconducting material, 
which is run, by means of a motor, at 
high speed over two pulleys, as indi- 
cated in Fig. 9.2. A direct current 


-potential of from 5000 to 20,000 volts 


is applied at B, the positive pole being 
connected to a pointed comb-like con- 
ductor, and the negative to a rounded 
body, one on each side of the moving 
belt, as shown at C. As the moving 
belt passes by C, it picks up positive 
electricity* from the points, and con- 
veys it upward toward the large metal 
sphere D, sometimes called the corona 
cap, mounted on insulating supports. 
At E a set of points connected to the 
sphere draw off the charge from the 
belt and transfer it to the sphere, thus 
building up an electrical potential on 
the latter. 

9.17. In the later forms of the Van 
de Graaff electrostatic generator, a 
pointed conductor F, also connected to 
the sphere, is placed opposite the 
rounded end of Æ. A discharge of neg- 
ative electricity thus takes place from 
F, so that electrons are collected 
and carried downward by the belt; 
these are eventually removed at C and 
pass to the source B. This additional 
@evice does not appreciably affect the 
Maximum potential attainable, but it 
does increase the magnitude of the 
charged-particle current which the ap- 
Paratus can supply. 

9.18. As the generator operates, the 
voltage of the corona cap, with respect 
to ground, steadily increases until it 
reaches a point where the electric 
charge leaks away as fast as it is col- 
lected from the moving belt. The leak- 
age can be minimized, and the max- 
imum attainable voltage thereby 
increased, by enclosing the apparatus 
in a gas-tight steel chamber and op- 
erating under pressures up to about 15 


* Actually negatively charged electrons pass from the belt to the points, thus leaving the 


belt with & positive 
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atmospheres. Several different gases 
with ¿good insulating properties, in- 
cluding sulfur hexafluoride and diflu- 
orodichloromethane (Freon-12), have 
been proposed for use in the Van de 
Graaff accelerator. Although airisoften 
employed, there is some danger of fire 
if sparking should occur, and so a mix- 
ture of nitrogen and carbon dioxide is 
frequently used. 

9.19. In modern forms of the elec- 
trostatic generator, and especially in 
those producing fairly high voltages, 
the moving belt and the adjacent ac- 
celerating tube are supported by in- 
sulators along their length. These 
insulators are surrounded by a set of 
equally spaced (equipotential) metal- 
lic rings. Although the rings are essen- 
tially insulated from one another, a 
small amount of current is permitted 
to leak between them. The acceler- 
ating tube, with its ion or electron 
source, is similar to that described in 
§ 9.12. In addition to the electrodes at 
the ends, metal rings in the interior of 
the tube are connected to the surround- 
ing equipotential rings. In this manner, 
a uniform electric field is obtained 
song the length of the accelerating 
tube. 

9.20. The maximum particle en- 
ergies that can be realized with the 
Van de Graaff accelerator are relatively 
small in comparison with most other 
machines described below. Neverthe- 
less, the electrostatic generator has the 
advantage of being able to produce 
fairly intense beams of positive ions or 
electrons at voltages which can be 
maintained constant to within about 
0.1 percent over long periods. 

9.21. In the first accelerator con- 
Structed by Van de Graaff in 1931, 
the maximum potential attained was 
estimated to be about 1.5 million volts. 
This was increased over a period of 
years until 1950 when an instrument 
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capable of reaching 12 million volts 
was constructed; however, continuous 
operation above a potential of about 
10 million volts is difficult. By incor- 
porating a concept applicable to any 
electrostatic accelerator, proposed by 
W. H. Bennett in 1937 and independ- 
ently by L. W. Alvarez (§ 8.70) in 
1951, it became possible to double the 
energy of the charged particles with- 
out increasing the operating voltage. 
The first instrument of this type called 
the two-stage landem electrostatic accel- 
erator, and sometimes referred to collo- 
quially as the “‘swindletron,” was built 
in the United States and installed at 
the Chalk River Laboratory, Canada, 
in 1959. Several other similar accel- 
erators yielding protons with energies 
up to 20 MeV or more are now in use. 

9.22. The operation of the tandem 
Van de Graaff accelerator may be ex- 
plained with the aid of Fig. 9.3. At 


STRIPPING 
CANAL 


He 
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Fia. 9.8. Schematic representation of the 
two-stage tandem im de Graaff acceler- 
ator. 


the right end of a horizontal tank is an 
ordinary Van de Graaff accelerator, 
with its positive (high-voltage) ter- 
minal, indicated by +V (volts), at the 
middle of the tank. The two ends of 
the tank are grounded and so are at 
zero potential. The accelerating tube 
runs the whole length of the tank; 
hence, between the left end and the 
middle there is an increase in voltage 
from zero to +V, with a correspond- 
ing decrease from +V to zero between 
the middle and the right end. 


9.23. At the left end of the accel- _ 
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' erating tube is a special source designed 
to produce negatively charged ions, 
e.g., H~ ions which are hydrogen atoms 
with an additional electron. The neg- 
ative ions are then accelerated to an 
energy of V electron volts in the region 
between the left end and the middle of 
the tank. Here the negative ions pass 
through a “stripping canal" containing 
hydrogen gas and emerge as ordinary 
positive hydrogen ions, i.e., protons, 
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are now accelerated in the ordinary 
manner between the center of the tank 
and the right end, thereby acquiring 
an additional V electron volts of en- 
ergy, making a total of 2V electron 
volts. In the three-stage Van de Graaff 
accelerator, which has two charging 
belts, protons can attain an energy of 
3V electron volts, i.e., close to 30 MeV. 


CYCLIC ACCELERATORS 


Tae WIDERÖE (LINEAR) 
ACCELERATOR 


9.24, Instead of building up a high 
potential, as is done in electrostatic 
accelerators, in cyclic accelerators a gen- 
erator of relatively low voltage is used 
repeatedly to add energy to the charged 
particles. The particles travel in a 
spiral, circular, or other closed path, 
acquiring additional energy in each 
turn of the path. In this manner, the 
particle can attain a very high energy. 
For an ion (or electron) with a single 
charge, the energy in electron volts is 
essentially equal to the voltage of the 
generator multiplied by the number of 
turns (or revolutions) made by the 
particle. 

9.25. The form of cyclic accelerator 
that probably attracted more world- 
wide interest than any other, when it 
was first developed in the early 1930s, 
is the one which became known as the 
cyclotron. The idea for this machine 
came to E. O. Lawrence (Fig. 9.4), for 
whom the Lawrence Radiation Lab- 
oratory, University of California, 
Berkeley, has been named, in 1929 


after reading a report of the linear ac- 
celerator constructed by R. Wideróe in 
Germany in 1928.* The Wideróe accel- 
erator consisted of a number of cylin- 
drical electrodes of increasing length, 
arranged in a straight line, as rep- 
resented in Fig. 9.5. Alternate elec- 


Fig. 9.4. Ernest O. Lawrence (1901-1958) 

at the ion source of the 184-inch cyclotron. 

(Lawrence Radiation Laboratory, Univer- 
sity of California.) 


* A related idea was suggested by G. Ising in 1924 (8 9.123). i 
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trodes were connected together, the 
first, third, fifth, ete., being joined to 
one terminal (A) and the second, 
fourth, sixth, ete., to another terminal 
(B) of á generator of high-frequency 
electrical oscillations. At any instant, 
therefore, alternate electrodes carried 
opposite electrical potentials; for ex- 
ample, in a particular half-cycle of the 
oscillations all the odd-numbered elec- 
trodes would be positive whereas those 
with even numbers would be negative. 
In the next half-cycle the potentials 
were reversed; the odd numbers then 
become negative and the even num- 
bers positive. 
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third electrode the: potentials are 
reversed, The second electrode is now 
positive while the third is negative, so 
that in passing through the gap the 
particles receive an additional impulse 
which accelerates them still further. 
9.27. By making the successive elec- 
trodes increasingly longer, to allow for 
the increasing speeds of the positive 
ions, it is possible for these particles to 
be kept exactly in phase with the al- 
ternations of potential.* Thus, when- 
ever the ions reach a gap between two 
electrodes, the one on the left has a 
positive potential whereas that on the 
right is negative; hence the ions ac- 
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Fia. 9.5. Wideröe type of linear accelerator for positive ions. 


9.26: Suppose positively charged 
particles, i.e., positive ions, from the 
source S move from left to right along 
the common axis of the cylindrical 
electrodes. While passing through the 
first (or any other) electrode they 
receive no acceleration, since this has 
a uniform charge, but in traversing the 
gap between the first and second elec- 
trodes the ions are in a region in which 
there is a difference of potential. If the 
first is positive and the second is neg- 
ative, the positively charged particles 
will be accelerated in the gap. The 
ionic partieles then enter the second 
electrode and travel through it at a 
speed which is constant but higher 
than the initial value. The length of 
this electrode is such that just as the 
ions reach the gap between it and the 


* If f is the frequenc 
Miedo is 1 /2f. The t 


length of a cylindrical electrode (p! 
v/9f, where v is the velocity of the particle in that electrode. d. 


quire additional energy every time 
they pass from one electrode to the 
next. If V volts is the potential pro- 
duced by the oscillator at the terminals 
A and B, the total energy (in electron 
volts) aequired by & singly-charged 
particle is approximately equal to y 
multiplied by the number of gaps 
traversed. 

9.28. Wideróe's linear accelerator 
had only two cylindrical electrodes, 
but Lawrence in conjunction with D. H. Ț 
Sloan extended the number first to 
10 and then to 30. By 1931, Sloan and 
Lawrence had been able to accelerate 
mercury ions to an energy of 1.26 MeV 
although the alternating-potential gen- 
erator had an output of only 42,000 
volts. Subsequently, in 1934, Sloan and 
I. M. Coates obtained an energy of 


(cycles per sec) of the iillating potential, the time duration of a 


us a gap) should thus be equal to 


2.85 MeV by raising the oscillator 
potential and increasing the number 
of accelerating gaps. 


THE CYCLOTRON ' 


9.29. Instead of using cylinders of 
gradually increasing length as the 
speed of the charged particles become 
greater, Lawrence conceived the idea 
of modifying the Wideröe accelerator 
»y using a magnetic field to make the 
charged particles follow a spiral path 
of increasing radius. The length of the 
path would then increase automatically 
with the speed of the particles. A report 
of this concept was published by Law- 
rence and N. E. Edlefson in 1930, and 
the following year Lawrence and M. S. 
Livingston described the successful 
application of the new principle for 
accelerating ions. The energy attained 
was 80,000 eV, using an oscillator of 
only 2000 volts potential; the magnet 
which provided the magnetic field had 
a diameter of 4 inches (Fig. 9.6). The 
instrument into which this experimen- 
tal device developed became known as 
the cyclotron.* 

9.30. The first accelerator to yield 
protons of energy in excess of 1 MeV— 
actually 1.2 MeV—was the cyclotron 
constructed by Lawrence and Living- 
ston in 1932. It had a magnet with 


pole faces 11 inches in diameter. The , 


energy to which a particle can be ac- 
 celerated in a cyclotron increases with 
the radius of the magnet and with the 
strength of the magnetic field (§ 9.41). 
Consequently, cyclotrons with larger 
and larger magnets were built by Law- 
rence and his associates at Berkeley, 
and later by others at several labora- 
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tories in the United States and abroad. 
Some machines of larger size using 
modifications of the cyclotron prin- 
ciple exist, but the largest known ac- 
celerator of the simple cyclotron type 
has magnet pole faces of 88 inches 
diameter. f 


Fig. 9.6. Chamber (5 inches in diameter) 

of the first operating cyclotron built in 

1930. (Lawrence Radiation Laboratory, 
University of California) 


9.31. In its simplest form, the cyclo- 
tron consists of two flat, semicircular 
boxes, called dees because of their 
shape, which are indicated by Dı and 
D; in Fig. 9.7, I. These are surrounded 
by a closed vessel, containing gas at 
low pressure, placed between the poles 
of a magnet as shown in the elevation 
in Fig. 9.7, II. A radio-frequency, al- 
ternating potential, of about 10 to 20 
million cycles (10 to 20 megacycles) 
per second, is applied between the 


* In 1935, E. O. Lawrence, E. McMillan and R. L. Thornton wrote: "Since we shall have 
many occasions in the future to refer to this apparatus, we feel it should have a name. The 


term ‘magnetic resonance accelerator’ is sug; 
as a sort of laboratory slang.” By 1936, however, the name 


derivation, has come to be 


ted . . . the word ‘cyclotron,’ of obvious 


cyclotron, because of its convenience, had come into general use. 
f The diameter of the pole faces is used'to describe the size of a cyclotron. This instrument 
would thus be referred to as an “88-inch cyclotron.” 
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dees, which act as electrodes. At S an 
electrically heated filament produces 
a stream of electrons which causes 
ionization of the gas—hydrogen, deu- 
terium, or helium—contained in the 
system; hence, S may be regarded as 
a source of positive ions, namely, pro- 
tons, deuterons, or alpha particles, 
respectively. 


111 
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the dee, the speed of the ion remains 
constant, just as it does within the 
cylindrical electrodes of the Wideróe 
accelerator (89.20). But after de- 
scribing a semicircle through Dz, the 
particle reaches the gap between the 
dees where it becomes subject to the 
action of the applied potential dif- 
ference. If the oscillation frequency is 


MAGNET "7 


X 
RC 


M, F. POTENTIAL 


1 


Fic. 9.7. Simplified representation of a cyclotron with two dees. 


9.32. Suppose that at any partic- 
ular instant the alternating potential 
is in the direction which makes Di 
positive and D» negative. A positive 
ion starting from the source S will 
then be attracted to D: but as a 
uniform magnetic field acts in a direc- 
tion at right angles (Fig. 9.7, II), the 
particle will move in a circular path. 
The radius r of this path can be readily 
derived from equation (2.8) which, as 
stated earlier, applies to all types of 
charged particles in a magnetic field; 
the result is : 


(9.1) 


r=7s 
where m is the mass of the ion, ¢ is its 
charge, v its velocity, and B is the 


strength of the magnetic field.* 
9,33. While it is in the interior of 


such that in the time of passage 
through D; the sign of the potential 
is reversed, so that D; is negative and 
D; is ‘positive, the positive ion will 
now be accelerated toward Dj. Since 
its energy is consequently greater than 
it was originally, the ion will move 
faster, i.e., v will increase; hence, the 
circular path in D;, under the influence 
of the magnetic field, will have a 
larger radius, as can be seen from 
equation (9.1). 

9.34. The striking and significant 
property of the cyclotron is that the 
time taken by the charged particle to 
traverse the semicireular path in the 
dee is independent of the velocity of 
the particle or of the radius of the 
path. That is to say, the increase in 
length of the path, due to the larger 
radius, is exactly compensated by the 


* If r, m, and v are in cgs units and B in gauss, then e is in emu, i.e., 1.002 X 107?" (cf, § 2.43, 


first footnote). 
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increase in the velocity of the ion. The 
length of the path is zr, where r is the 
radius, and r has its usual significance; 
since v is the velocity, the time T 
taken to traverse the semicircle is 
given by i 


TUR. 
vU 


Upon substituting the value of r from 
equation (9.1), it is seen that 


(9.2) 


which is independent of both v and r. 

9.35. This means that if the oscilla- 
tion frequency is adjusted to the nature 
of the given ion and to the strength 
of the magnetic field, the charged par- 
ticle will always keep in phase with 
the changes of electrie potential be- 
tween the dees. Thus, each time the 
particle crosses the gap from D; to D; 
it will receive an additional impulse 
toward Dz; on the other hand, when it 
crosses from. D} to D, it will be accel- 
erated toward D,, for the direction of 
the potential will then be reversed. 
The result of these repeated impulses 
is that the energy of the ion is steadily 
inereased, and at the same time it 
describes a flat spiral of increasing 
radius. Eventually, the ion reaches 
the periphery of the dee and it can be 
brought out of the dee chamber by 
means of a deflecting plate at P (Fig. 
9.7, I) which is charged to a high neg- 
ative potential. The. attractive force 
acting on the positive ion draws the 
latter out of its spiral path, and it can 
then be used to bombard any desired 
material. 

9.36. Although the foregoing de- 
scription has referred to a single par- 
ticle, actually the source § supplies 
ions continuously; thus, a stream of 
high-energy particles will emerge from 
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the cyclotron. If the velocity is less 
than about one terith that of light, the 
energy is equal to Lómw?, where m is 
the rest mass of the particle and v is 
its maximum velocity when it leaves 
the dee (§ 9.1). According to equation 
(9.1), v is equal to Ber/m, and if R is 
the radius of the dee, the maximum 
velocity, at the periphery, will be 
BeR/m. The kinetic energy E of the 
ion as it emerges from the cyclotron 
will then be 


9.37. If the oscillation frequency of 
the potential is adjusted to the partic- 
ular ion, the maximum energy attain- 
able will be determined by the product 
B*R?. If, for a given cyclotron, i.e., R 
is constant, the magnetic field strength 
B is also maintained constant, it fol- 
lows that the energy which a charged 
particle will attain is proportional to 
the square of its charge, and inversely 
proportional to its mass. Protons, for 
which ¢ and m are both unity in terms 
of electronic charges and atomic mass 
units, respectively, will thus acquire 
the same energy as alpha particles, 
with e equal to two and m to four units. 
Deuterons, on the other hand, for 
which e is unity and m is two, will 
attain only half this maximum energy. 

9.38. The timie for the ion to trav- 
erse any semicircular path is given 
by equation (9.2); hence, the time to 
make a complete turn is twice this 
quantity, namely, 2xm/Be. The fre- 
quency f, in cycles per second, of the 
oscillations required to keep the ion 
in phase is the reciprocal of the time 
in which the particle makes a turn, i.e., 

Be 
f= oem (9.4) 


Upon combining this result with equa- 
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tion (9.3), the energy of the emerging 
ion is found to be 


E = 2s*Rif*m. (9.5) 


9.39. When the same ecyclotron is 
used to accelerate different particles, 
e.g., protons, deuterons, and alpha par- 
ticles, a convenient procedure is to 
keep the magnetic field strength B 
constant and to vary the oscillation 
frequency in accordance with equa- 
tion (9.4). An alternative possibility 
is to maintain the frequency constant 
and to change the field strength as 
required by this equation. It can be 
seen from equation (9.5) that, in con- 
trast to the case in which the mag- 
netic field is constant, the maximum 
energy will now be proportional to the 
mass m of the particle, and independ- 
ent of its charge. Under the conditions 
of constant, oscillator frequency, the 
energy attainable by an alpha particle 
will then be four times, and that of a 
deuteron twice, that of a proton. 

9.40. It will be noted that the al- 
ternating voltage applied to the dees 
does not appear in either equation 
(9.3) or (9.5); consequently, the max- 
imum energy which a given charged 
particle can acquire in a particular 
cyclotron is independent, of this volt- 
age. The reason is that when the volt- 
age is small the ion makes a large 
number.of turns before reaching the 
periphery, but when the voltage is 
high the number of turns is small. The 
product, which determines the total 
energy, is the same in each case, pro- 
vided the magnetic field B and the 
maximum radius E of the path are un- 
changed. 

9.41. It can be seen from equation 
(9.3) that the maximum energy 
acquired by a given particle is deter- 
mined by B?R?, ie., by the square of 
the product of the field strength and 
the radius (or diameter) of the dee. It 


is evident therefore that, in order to 
obtain ions of high energy, it is nec- 
essary to increase the strength and 
size of the magnet in the field of which 
the ions traverse their spiral path. For 
this reason, larger and larger cyclo- 
trons were constructed, as mentioned 
in $ 9.30. Prior to 1946, the most en- 
ergetic particles available were deu- 
terons of about 20 MeV and alpha 
particles of 40-MeV energy obtained 
from the 60-inch Berkeley cyclotron, 
employing a magnet weighing about 
200 tons. 

9.42. Although the cyclotron is ca- 
pable of producing beams of energetic 
ions that are more intense than those 
from the electrostatic accelerators de- 
scribed earlier, the particle energies 
are much less constant. Hence, cyclo- 
trons have found their widest use for 
studies requiring strong beams of par- 
ticles of moderately high energy, but 
where the value of this energy need 
not be precisely known. If required, 
however, ions having definite energy 
values can be sorted out by passing 
the beam emerging from the cyclotron 
through a magnetic field. There is an 
accompanying decrease, of course, in 
the beam strength. 


THE SvNcHROCYCLOTRON 


9.43. After the completion of the 
60-in. cyclotron in 1939, Lawrence 
considered the possibility of designing 
an instrument of much greater power 
which would not only be able to bring 
about new types of nuclear rearrange- - 
ments, but might be capable of actually 
creating particles. Encouraged by the 
gift of over a million dollars from the 
Rockefeller Foundation, which was 
augmented by funds from other 
sources, work on the construction of 
the new cyclotron was commended in 
Berkeley in August, 1940. It was to 
have a magnet containing 3700 tons of 
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steel and 300 tons of copper, with 
pole faces 184 inches in diameter and 
was to be capable of accelerating deu- 
terons to 100 MeV and alpha particles 
to 200 MeV. But this giant magnet 
was destined to play another role be- 
fore it finally took its intended place 
in the world’s largest cyclotron at that 
time. 

9.44. It will be recalled (8 6.94) that 
in 1941 Lawrence had become in- 
terested in the separation of the iso- 
topes of uranium by the clectromag- 
netic method. After preliminary studies 
with the magnet of the 37-inch cyclo- 
iron had shown the procedure to be 
feasible, work on the 184-in. magnet, 
which had been set aside, was resumed 
and it was completed in May 1942. 
During the summer of the same year 
an apparatus employing the new mag- 
net produced the first significant quan- 
tities of fairly pure uranium-235. It 
was the success achieved in this man- 
ner that led to the decision to erect a 
large-scale electromagnetic separation 
plant at Oak Ridge, Tenn., as stated 
in Chapter 6. In 1945, the giant mag- 
net was released from its wartime 
services in connection with the separa- 
tion of isotopes and restored to its 
original purpose, the production of 
high-energy ions, after a lapse of 

,nearly four years. But the delay was 
not altogether without compensation, 
for the discovery of a new principle 
made it. possible for the 184-inch cyclo- 
tron to yield particles with twice the 
amount of energy originally expected. 

9.45. When concluding, from equa- 
tion (9.2), that the time taken for a 
given charged particle to describe the 
semicircular path in either of the dees 
of a cyclotron is independent of the 
velocity of the ion or of the radius of 
the path, the tacit assumption was 
made that the mass m of the particle 
remains constant. For proton (or other 
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ion) energies of the order of 10 to 20- 
MeV, this-is substantially true, but 
at higher energies, and hence higher ~ 
speeds, the relativistic mass effect 
(8 3.70) becomes important. The value: 
of the mass m is given by equation. 
(3.9), and this increases rapidly as the” 
velocity v of the particle approaches” 
the speed of light. A deuteron of 204 
MeV energy, which is the fastest- 
moving particle produced in the 604 
inch cyclotron, has a velocity about; 
0.145 times the speed of light, and its 
effective mass, by equation (3.9), is” 
1.01 times the rest mass. The change 
of mass is comparatively small, and 80 
the operation of the cyclotron is not 
greatly affected. " 
9.46. At higher energies, the mass 
of the particle increases to such am. 
extent that its effect becomes appre- - 
ciable. It can be seen from equation — 
(9.2) that as the mass of the ion in- 
creases, so also does the time T of 
transit through the dee. As a result, - 
the particle will no longer be in phase - 
with the oscillating potential. Instead ' 
of reaching the gap between the dees - 
at the exact instant required for it to — 
receive an accelerating impulse, the ~ 
ion will arrive too late and conse- - 
quently will gain little or no additional - 
energy. On account of the relativistic - 
mass increase, therefore, an approx- 
imate limit is set to the energy that 
can be acquired by an ion in a conven- — 
tional cyclotron operating under given: F 
conditions. In order to offset this lim- ~ 
itation to some extent, it was proposed, ` 
when the 184-inch cyclotron was first. 
planned, to use a high potential—about 
a million volts—across the dees. e 
ions would then need to make only & 
comparatively small number of turns 
in order to attain high energies. M 3 
9.47. In 1945, V. Veksler in Rm 
and, a few months later, E. M. McM. 
lan in the United States, independ- 
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ently, showed that allowance could be 
made for the effect of the increase of 
mass of a particle moving at high 
speeds so as to keep it in phase with 
the oscillating potential. Two methods 
of compensation are possible. One is 
to increase the magnetic field B in 
proportion to the mass, so that B/m 
remains constant (§ 9.52); it can be 
seen from equation (9.2) that the time 
T would then be unaffected by the in- 
crease of mass. The other possibility, 
which is described here, is to leave the 
magnetic field unchanged, but to de- 
crease the frequency of the oscillating 
potential in accordance with equation 
(9.4) as the mass of the particle in- 
creases, i.e., fm is kept constant. 

9.48, In this connection, McMillan 
pointed out that if the oscillation fre- 
quency is adjusted continuously to 
coincide with the decreasing frequency 
of revolution of the particle, as the 
time T increases, the principle of phase 
stability can be utilized. This principle 
may be explained by reference to Fig. 
9.8, which represents the variation 
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Fic. 9.8. Illustration of the principle of 
phase stability. 


with time of a cycle of the radio-fre- 
quency oscillating potential. In normal 
operation the charged particle receives 
its acceleration at a point indicated by 
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the time fy, just beyond the potential 
peak. If the particle always remained 
exactly in phase, it would always arrive 
at the appropriate time & of the cycle 
to gain the proper amount of energy. 
But, if the particle arrives too late, for 
example, at the time t, the potential 
will then have decreased; the particle 
will then not receive the regular incre- 
ment of energy, and hence of mass. It 
follows from equation (9.2) that the 
time T required to traverse the path 
will be less, and consequently its next 
arrival will be in time for it to receive 
the full accelerating effect of the poten- 
tial at to. On the other hand, if the par- 
ticle reaches the accelerating position 
too soon, at time t, for example, it 
will gain more energy and mass than 
normal, since the potential is now 
higher than at f. It will thus take a 
slightly longer time to return to the 
point where it receives the next im- 
pulse. The revolution of the charged 
partieles is thus automatically syn- 
chronized with the changing frequency 
of the accelerating potential. The ac- 
tion is similar to that in a synchronous 
motor, and hence the name synchrotron 
was proposed by McMillan for a device 
using this principle. : 

9.49. About six months after con- 
struction of the 184-inch cyclotron had 
been resumed in 1945, it was decided 
to modify the instrument to permit 
variation of the oscillation frequency 
to compensate for the increase in mass 
of the accelerated ions at high speeds. 
For this reason the machine (Fig. 9.9) 
is referred to as a synchrocyclotron or 
as a frequency-modulated cyclotron.* It 
uses a single dee, instead of two dees 
as in the conventional cyclotron, the 
oscillating potential being applied be- 


te Hie Russian literature, it is called a phasotron because it utilizes the principle of phase 
Btability. 
1 Both the 4-inch and 11-inch devices constructed in the early development of the cyclotron 


inciple had single dee (Fig. 9.6). As a general rul dee el 
Taname bao anyi Quei) ne othe: terminal of the oecillatar is then 


when the potential is not 


is adequate 
18 . 
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tween it and a ground connection. 
Every time a charged particle enters 
or leaves the dee, it acquires additional 
energy, so that it follows a spiral path 
just as if two dees were employed. By 
means of a variable capacitor, the fre- 
quency of the oscillating (radio-fre- 
quency) potential applied to the dee 
is decreased to compensate for the 
gain in the effective mass of the par- 
ticle as its speed increases. A 200-MeV 
deuteron or a 400-MeV alpha particle 


Chap. 9 


pend solely on the mass m, but rather 
on the ratio of the mass m to the 
charge e of the ion. This ratio has the 
same value for deuterons (m = 2, e = 1) 
as for the alpha particles (m — 4, 
e = 2); hence, with a given oscillator, 
the same frequency modulation can be 
used for both of these ions. For this 
reason, the Berkeley synchrocyclotron, 
which went into operation in Novem- 
ber 1946, was at first employed for the 
acceleration of deuterons to 190 MeV 


Fw. 9.9. The 184-inch synchrocyclotron. (Lawrence Radiation Laboratory, University 
of California) 


has a speed of about 1.4 X 10!? cm 
per see, or about 0.47 times the veloc- 
ity of light. It follows, therefore, from 
equation (3.8) that the mass is 1.14 
times, or 14 percent greater than, the 
rest mass at low energies. The fre- 
quency of the oscillator must conse- 
quently decrease in the same propor- 
tion if the charged particles are to: be 
kept in phase with the alternating 
potential which causes the acceleration. 

9.50. It is apparent from equation 
(9.2) that the time for a charged par- 
ticle to traverse the dee does not de- 


and alpha particles to 380 MeV. But 
early in 1949, the completion of a new 
oscillator, with a dual frequency range, 
made it possible to obtain high-energy 
(350 MeV) protons, in addition. Some 
years later, the 184-inch magnet was re- 
built, in order to increase the strength 
of the magnetic field and in 1957 pro- 
tons of 720-MeV energy were produced. 
Following the first successful opera- 
tion of the University of California 
synchrocyclotron in 1946, several others 
were constructed in various parts of 
the world. The one at Dubna in the 


? 
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U.S.S.R. is larger, with a magnet 236 
inches in diameter weighing 7200 tons. 
The maximum proton energy of 680 
MeV, however, is less than that from 
the Berkeley machine. 

9.51. There is a difference between 
the output of a cyclotron and that of 
a synchrocyclotron which is worthy of 
mention. In the former the flow of ac- 
celerated ions is regarded as contin- 
uous, although it actually consists of 
a series of pulses corresponding to each 
cycle of the oscillating potential. For 
a frequency of 10 megacycles per 
sec there would thus be 10 million 
pulses in this time interval. In the syn- 
chrocyclotron, however, a pulse of ions 
is carried from the ion source at the 
center to the periphery of the dee as 
the frequency of the oscillating poten- 
tial is decreased from its initial to its 
final value. The frequency then returns 
to its original value and another pulse 
of ions is carried from the source to 
the periphery, and so on. The rate at 
which ion pulses are produced depends 
on the repetition rate of the variable 
capacitor controlling the oscillation 
frequency. The high-energy protons 
are produced in bursts of 60 to 1000 
(or more) per sec, the duration of each 
pulse being about one ten-thousandth 
part (1075) of a second, i.e., 0.1 milli- 
second. Because the pulses are of such 
short duration, the average ion cur- 
rent from a synchrocyclotron is rel- 
atively small. 


THE Isocuronous CYCLOTRON 


9.52. It ‘vas mentioned in § 9.47 
that, as an alternative to frequency 
modulation, allowance for the relativ- 
istic increase in mass of a particle with 
increasing velocity could be made by 
keeping B/m constant. According to 
equation (9.2) the transit time 7’ would 
then also be constant. This might be 
achieved by increasing the strength of 


the magnetic field of an ordinary cyclo- 
tron toward the outer radius of the 
dees where the mass increases. Unfor- 
tunately, this leads to instability of ` 
the particle orbit, which tends to oscil- 
late up and down; in fact, the attain- 
ment of orbital stability would require 
the magnetic field to decrease outward — 
rather than to increase (§ 9.82). A 
way of focusing the particle orbits in 
a cyclotron was proposed in the United 
States by L. H. Thomas in 1938 but 
the value of the idea was not fully 
appreciated at the time. In 1950, how- 
ever, two experimental cyclotrons uti- 
lizing the Thomas principle were 
constructed at Berkeley for the accel- 
eration of electrons. For security rea- 
sons, the information was not published 
until 1956, but by this time, as a result 
of other developments (§ 9.87), similar 
concepts were being discussed by phys- 
icists in the United States, in Japan, 
and in Russia. 

9.53. Various names have been given 
to the implementations of the Thomas 
stabilization principle, and they are all 
descriptive of some aspect of the sys- 
tem. One title is fized-field alternating- 
gradient (FFAG) and another is az- 
imuthally-varying field (AVF) accel- 
erator. Machines utilizing the principle 
are sometimes called sector-focused cy- 
clotrons. The justification for these 
(and other) appellations will become 
apparent in due course. 

9,54. As implied by the term “fixed- 
field," the magnetic field in the mod- 
ified cyclotron remains constant, as it, 
does in the ordinary cyclotron, but it 
is not of uniform strength over the 
whole pole face of the magnet, The de- 
scription "'alternating-gradient" meas 
that, in traversing its path around the 
dees, a charged particle encounters a 
series of alternating regions in which 
the magnetic field increases then de- 
creases, increases again, and so on. This 
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continuously changing field strength in 
the azimuthal direction i.e., around the 
circular path, accounts for the descrip- 
tion of azimuthally-varying field. An 
ion moving in such a field does not 
follow a truly circular orbit, but one 
that is distorted because, according to 
equation (9.1), the radius of curvature 
varies inversely with the magnetic field 
strength. As a result of the noncircular 
motion, a force is exerted on the par- 
ticle which tends to stabilize the orbit 
and prevents it from oscillating up 
and down. This stabilizing effect then 
makes it possible to increase the mag- 
netic field strength in the outer regions 
to compensate for the relativistic in- 
crease in mass of the accelerated par- 
ticles. 

9.55. The simplest way in which an 
alternating gradient can be achieved 
in the magnetic field of a cyclotron is 
by adding sector-shaped extensions (or 
shims) to the faces of the two poles of 
the magnet. An example of this arrange- 
ment in a sector-focused cyclotron is 
shown in plan in Fig. 9.10, I; the 
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Fie. 9.10. The sector-focused (I) and 
spiral-ridge (II) cyclotrons. 


shaded regions represent four such 
shims, and the noncircular path of a 
charged particle is represented by the 
broken curve. Since the pole faces are 
closer together at the locations of the 
shims, the magnetic field is stronger in 
these (shaded) regions than in the 
(unshaded) regions where the pole 
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faces are farther apart. Hence, a par- 
ticle moving around the dees en- 
counters an azimuthally-varying mag- 
netic field. In 1956, D. W. Kerst in the 
United States showed that the stabil- 
ity of the particle orbit could be im- 
proved by using sectors with edges of 
spiral form, as in Fig. 9.10, IJ. This 
has led to the name spiral-ridge cyclo- 
tron which is sometimes used. 

9.56. The increase in field strength 
required to compensate for the rela- 
tivistic increase in mass of the accel- 
erated particle can be achieved by 
decreasing the gaps between the pole 
faces with increasing radius, while re- 
taining the azimuthal variation. In a 
spiral-ridge machine, the ratio of high 
to ‘low magnetic field regions increases 
as the radius increases. This supplies 
part of the required increase in the 
average magnetic field in the radial 
direction. The remainder is then pro- 
vided by passing appropriate electric 
currents through circular “tuning coils" 
located near the outer edge of the mag- 
net. By maintaining the average value 
of B/m essentially constant over the 
whole radius, the transit time T re- 
mains unchanged; the ion is thus kept 
in phase with the constant oscillation 
frequency of the applied potential. 
This important aspect of the sector- 
focused accelerator is the basis of its 
common description as an isochronous 
cyclotron.* 

9.57. Since about 1958, the isochro- 
nous cyclotron has attracted consid- 
erable interest and a number have 
been constructed in various parts of 
the world for the acceleration of pro- 
tons to energies of 50 to 75 MeV. In 
addition there are designs and plans 
for machines capable of reaching much 
higher energies. An important advan- 
tage of the isochronous cyclotron is the 
ease with which the particle energy 


* The adjective isochronous is derived from the Greek iso (equal) and chronos (time). 
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can be varied. It is apparent from equa- 
tion (9.3) that, for a given cyclotron, 
ie, constant R, the energy of the 
emergent particle, of mass m and 
charge e, can be changed by varying 
the value of B, the magnetic field 
strength. In a conventional cyclotron, 
any change in the field strength must 
be accompanied by an adjustment of 
the magnet system to keep the par- 
ticles in a stable orbit. But in the 
isochronous cyclotron, such adjustment 
is not necessary. The particle orbit 
retains the same degree of stability re- 
gardless of the magnetic field strength. 
Hence, the energy of the accelerated 
particles is varied simply by changing 
the exciting current for the magnets; 
at the same time the (constant) fre- 
quency of the oscillator must be 
adjusted, of course, as required by 
equation (9.4). 

9.58. Among other attributes of the 
isochronous cyclotron is that it can be 
readily adapted to accelerate heavy 
particles, such as carbon, nitrogen, and 
oxygen ions (§ 9.151), in addition to 
deuterons and alpha particles. Because 
it operates continuously, rather than 
in pulses, the average ion current out- 
put of an isochronous cyclotron is much 
larger than that of a synchrocyclotron. 
Several designs have been prepared for 
fixed-field alternating-gradient cyclo- 
trons which will accelerate protons to 
energies as high as 1000 MeV. 


ELECTRON CYCLOTRONS 


9.59. The conventional cyclotron is 
not used to accelerate electrons because 
of the large relativistic increase in mass 
at even fairly low energies. This is so 
because the rest mass of the electron 
is very small compared with that of a 
proton or deuteron; hence, the electron 
must attain a much higher speed in 
order to carry the same amount of 
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kinetic energy. Even at 0.5-MeV en- 
ergy, the speed of an electron is already 
about 0.85 times the speed of light and 
the relativistic mass is about twice the 
normal (rest) mass. Although a syn- 
chrocyclotron could be designed to 
produce the corresponding change in 
frequency, it would certainly not be 
economically sound to build such a 
complex machine to produce 0.5-MeV 
electrons. 

9.60. A way out of the difficulty is to 
adapt the fixed-field alternating-gra- 
dient principle to accelerate electrons. 
In fact, as mentioned in § 9.52, the 
first such devices, built in 1950 to test 
the concept, were used for electrons. 
A number of isochronous electron cy- 
clotrons have been constructed since, 
although the maximum energies at- 
tained are somewhat less than 0.5 
MeV. It follows from equation (9.3) 
that, for a specified particle energy, a 
lower magnetic field strength is re- 
quired in a cyclotron of a given size 
for the acceleration of electrons than 
for protons because of the much 
smaller mass. Consequently, electron 
cyclotrons have been constructed with- 
out iron-core magnets, the necessary 
fields being provided by the passage 
of electric currents through suitably 
shaped coils. 

9.61. An instrument, known as the 
microtron, based on a principle proposed 
by V. Veksler ($ 9.47) in 1944, is some- 
times called an electron cyclotron. Ac- 
tually, it is not a true cyclotron, since 
the accelerated particles experience a 
type of phase stability similar to that 
in a synchrocyclotron, although the 
frequency of the oscillating potential 
is not varied. The similarity to the cy- 
clotron lies in the fact that the elec- 
trons follow orbits which are circles of 
larger and larger radius. They are, how- 
ever, not concentric, as in a cyclotron, 
but have a common tangent at a point 
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where acceleration occurs once in each 
orbit. 


Tue BETATRON 


9.62. For the acceleration of elec- 
trons to high energies, e.g., above about 
1 MeV, the cyclotron principle is 
clearly inapplicable. Electrostatic ac- 
celerators, especially the Van de Graaff 
generator, are useful for energies up to 
10 or 20 MeV but for higher energies, 
in the hundred million electron volt 
energy range, other devices must be 
used. The first of these was called the 
betatron by its developer, D. W. Kerst 
(§ 9.55) in 1940, because it was de- 
signed to accelerate electrons which 
are, of course, identical with beta par- 
ticles (§ 2.104). 

9.63. The use of magnetic induction 
to accelerate electrons was suggested 
in a patent granted to J. Slepian in the 
United States in 1922, but this propo- 
sal may have been impractical because 
of the omission of certain essential fea- 
tures. Several unsuccessful efforts to 
utilize the same principle were reported 
in later years. Then, in 1937, the Ger- 
man physicist M. Steinbeck secured a 
patent for an induction machine with 
which he claimed in a 1943 publication 
to have obtained electrons of 1.8-MeV 
energy, although the beam intensity 
was admittedly small. 

9.64. The first useful induction ac- 
celerator, the betatron, was constructed 
by Kerst at the University of Illinois 
in 1940; it accelerated electrons to an 
energy of 2.3 MeV. This was followed 
in 1942 by a machine yielding 20-MeV 
electrons, built by Kerstin conjunc- 
tion with the General Electric Com- 
pany. Subsequently the latter organi- 
zation produced a 100-MeV betatron, 
it was operated in 1943 although the 
details were not released until two 
years later. Several other betatrons 
have since been constructed, the 
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largest being the one at the University 
of Illinois, completed in 1950. It uti- 
lizes magnets weighing about 350 tons 
and yields electrons of 300-MeV en- 
ergy. It is claimed that, for energies 
below about 100 MeV, the betatron is 
the simplest and most reliable type of 
electron accelerator. 

9.65. The action of the betatron is 
based on the same fundamental prin- 
ciple as that of the familiar transformer 
in which an alternating current, ap- 
plied to a primary coil, induces a sim- 
ilar current, usually with a higher or 
lower voltage, in the secondary wind- 
ings. The effect is due essentially to 
the production by the alternating pri- 
mary current of a time-variable mag- 
netic field which, in turn, induces an 
oscillating current, that is, an oscil- 
latory flow of electrons, in the sec- 
ondary coil In the betatron the sec- 
ondary is an annular, i.e., ring-shaped, 
evaeuated glass (or ceramic) tube, 
often referred to, for obvious reasons, 
as the “doughnut,” shown in section 
at AA in Fig. 9.11. This is placed be- 


Fig. 9.11. Schematic sectional diagram of 
a betatron. 


tween the poles of a specially shaped 
electromagnet B, energized by alter- 
nating, pulsed current passing through 
the coils CC. One purpose of this mag- 
net is to generate a strong field in the 
central space or “hole” of the dough- 
nut, and hence it is constructed with 
a substantial amount of iron in the 
core. Electrons are produced from a 
heated filament, and these are given 


The Acceleration of Charged Particles 309 


a preliminary acceleration by applica- 
tion of an electric field having a poten- 
tial difference of 20,000 to 70,000 volts. 
Even with the comparatively low en- 
ergies thus acquired, the electrons 
travel at very high speeds, from one 
fifth to nearly one half the velocity of 
light. 

9.66. In a single cycle of the al- 
ternating current which energizes the 
magnet, the variation with time of the 
magnetic field strength may be rep- 
resented by the sine-wave curve in Fig. 
9.12. As the field strength starts to 


MAGNETIC FIELO 


Fia. 9.12. Single cycle of sine-wave varia- 
tion of the magnetic field used in the beta- 
tron. 


increase, i.e., near the point O, the 
partly accelerated electrons are in- 
jected into the doughnut. The effect 
of the growing magnetic field in the 
central space is to induce an electro- 
motive force (or voltage) within the 
doughnut, which increases the energy 
of the moving electrons. Since they are 
traveling in a magnetic field, the elec- 
trons are forced into a curved path, 
but instead of being a spiral, as in the 
cyclotron, the increasing magnetic field 
keeps them moving in a circle of con- 
stant radius. Reference to equation 
(9.1) will show that this is possible 
provided the field strength B grows 
proportionately-to the increase in the 
product of the mass m and the veloc- 


ity v, i.e., to the increase in the momen- 
tum, of the electrons. Thus, the elec- 
trons are kept moving around the 
doughnut in a fairly stable, circular 
path, energy being acquired in each 
lap or turn. 

9.67. When the field strength has 
reached the point P in Fig. 9.12, where 
it ceases to increase and will subse- 
quently decrease, a pulse of current is 
sent through an auxiliary coil which 
suddenly changes the magnetic field. 
As a result the high-energy electrons 
are displaced from their stable path 
and fall on a target, for the production 
of X-rays (bremsstrahlung), or the 
electron beam may be used for other 
purposes. 

9.68. If the electrons had not been 
removed at P, the decreasing mag- 
netie field from this point on would 
have induced an electromagnetic force 
in the opposite direction to that act- 
ing between O and P. This would have 
the effect of slowing down the pre- 
viously accelerated electrons. Conse- 
quently, only the first, quarter of the 
cycle is actually used for acceleration 
purposes, injection of electrons being 
always made at the point O, whereas 
removal occurs at P in each cycle. 

9.69. A simple caleulation will show 
how it is possible for the betatron to 
produce electrons with very high en- 
ergies. As seen above, the electrons 
when introduced into the doughnut 
are already moving with speeds ap- 
proaching that of light, and this is 
further increased as the ‘electrons 
acquire additional energy. It may be 
assumed, therefore, that the average 
speed of the electrons between injec- 
tion and removal is two thirds the 
velocity of light, i.e., 2 X 10’ cm per 
sec: The length of the circular path 
within the doughnut of a betatron of 
moderate size may be taken to be 300 
em; the electrons wili consequently 
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travel this path roughly 2 X 1015/300, 
ie. 6.7 X 107 times per second. 

9.70. If the frequency of the alter- 
nating current used for the magnetic 
field is 60 cycles per second, the time 
for one cycle is J6o sec; hence, the 
quarter cycle from O to P, during 
which the electrons are accelerated, 
lasts roughly }440 sec. During this pe- 
riod the electrons make 6.7 X 107/240, 
i.e., 280,000 turns of the circular path 
in the doughnut. If the electrons 
acquire an average of 250 eV of energy 
in each turn, due to the electromotive 
force produced by the magnetic field 
changing with time, they will have & 
total. energy of about 70 MeV. An 
electron with this energy has a veloc- 
ity about 99.99 percent of the velocity 
of light and its mass is roughly 150 
times the rest mass. It will be noted 
that the nature of the betatron is such 
that it accelerates electrons in pulses 
and not continuously; the intensity of 
the output beam cannot therefore be 
large. 

9.71. Since the operation of the 
betatron is unaffected by the increas- 
ing mass of the electron as it gains 
energy, it at first appears that ex- 
tremely high energies might be obtain- 
able by means of this device. It has 
been shown theoretically, however, 
that a charged particle, such as an 
electron, moving in a circle, as it does 
in the doughnut of the betatron, will 
lose some of its energy in the form of 
radiation. The effect of this phenom- 
enon, which was confirmed experimen- 
tally in the General Electric Research 
Laboratory in 1947, is to set a prac- 
tical limit to the energy which the 
gyrating electrons can acquire. The 
energy lost in each turn of the circular 
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path is proportional to E*/r, where E 
is the energy of the electron and r is 
the radius of the path; hence the 
amount lost increases very rapidly as 
the energy E becomes larger. Even- 
tually, the electron loses almost as 
much energy in the form of radiation 
as it gains from the electromotive force 
due to the time-changing magnetic 
field in each turn around the doughnut. 

9.72. Two possibilities present them- 
selves for minimizing the loss of energy 
by radiation. Since this is determined 
by E*/r, one solution to the problem 
is to employ a larger doughnut, so that 
the radius r of the electron path may 
be increased. The other step which 
could be taken is to decrease the num- 
ber of turns the electrons make be- 
tween injection and removal, by 
changing the magnetic field to permit 
the acquisition of a greater amount of 
energy in each turn. Both of these 
measures.have been adopted, as far as 
possible, in the 300-MeV betatron, 
mentioned in § 9.64, which has a 
doughnut radius of 122 centimeters, 
i.e., 48 inches. This is considered to be 
about the largest useful size for @ 
betatron. 


Tue Proton SYNCHROTRON 


9.73. In the late 1940s, when the 
most energetic particles available had 
energies of 350 to 400 MeV, attention 
was turned to the possibility of attain- 
ing energies of thousands of MeV, i.e., 
in the billion (10°) electron volt (or 
GeV) range.* Because electrons of high 
energy revolving in an orbit lose en- 
ergy by radiation, attempts to produce 
these particles in the energy range of 
interest did not appear to offer much 
promise at the time. With protons, 


* Because the term "billion" does not have the same significance in all countries, the symbol 


GeV is employed for 10° eV; this is an abbreviation for Giga-electron volt, derived 


from the 


Greek (and Latin) word gigas urne giant. The abbreviation BeV is, however, still 


to some extent in the American literature. 
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however, the situation is different. The 
rate of loss of energy by a charged par- 
ticle traveling in a circular orbit is not 
only proportional to E*/r, as stated 
above, but it is inversely proportional 
to the fourth power of the rest mass 
of the particle. Since the rest mass of 
the proton is nearly two thousand 
times that of an electron, the energy 
of & proton can be raised to extremely 
high values in a cyclic accelerator with- 
out any detectable loss by radiation. 

9.74. The maximum energy of the 
particles from a synchrocyclotron de- 
pends on the radius of the dees and on 
the magnetic field strength, as given 
by equation (9.3). Consequently, & 
machine of this type capable of con- 
ferring billions of electron volts of en- 
ergy on protons would have to be even 
larger than the already large 184-inch 
synchrocyclotron with its 4000-ton 
magnet. Fortunately, an alternative 
was found in the development of an 
accelerator in which the protons travel 
in a circular path of almost constant 
radius. A ring-shaped magnet sur- 
rounding an annular tube (or dough- 
nut) containing the particles is then 
adequate. In the synchrocyclotron, 
however, the protons follow a spiral 
path and the magnetic field must cover 
the whole area in which the particles 
spiral around. The ring-shaped mag- 
net will consequently weigh very much 
less than the solid cylindrical magnet 
(of the same diameter) required for a 
synchrocyclotron. 

9.75. If the accelerated particles are 


to travel in a path of almost constant 


radius in spite of the increase in energy 
(and momentum), it is necessary for 
the magnetic field to be increased cor- 
respondingly, as in the betatron 
(§ 9.66). Furthermore, the frequency 
of the oscillating potential must be 
increased, as in the synchrocyclotron, 
to keep the particles in phase with the 
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oscillations. The idea of using a ring- 
Shaped magnet for a proton accelerator, 
with & varying magnetic field and fre- 
quency modulation, was proposed by 
M. L. E. Oliphant in Great Britain in 
1943, although the details were not 
published until 1947. The same pos- 
sibility was studied independently by 
W. M. Brobeck in Berkeley in 1946. 
From these considerations came the 
development of the proton. synchrotron, 
(cf. § 9.48), capable of attaining en- 
ergies of several billion electron volts 
without the use of unreasonably heavy 
magnets. 

9.76. The first proton synchrotron, 
called the Cosmotron, because the par- 
ticle energies would be of the same 
order as those in cosmic rays (Chapter 
19), was built at the Brookhaven 
National Laboratory. Although its 
magnet weighed only 1650 tons, the 
machine produced 2.3-GeV protons in 
1952 and the energy was later in- 
creased to 3 GeV. This was the first 
accelerator to reach the billion elec- 
tron volt mark. In 1954, the Bevatron 
started operation at the University of 
California, Berkeley, with an initial 
energy of 4.9 GeV which was subse- 
quently increased to 6.2 GeV. Other 
conventional (or weak focusing) pro- 
ton synchrotrons, so called to distin- 
guish them from the alternating gra- 
dient (or strong focusing) machines 
(8 9.88), have been constructed in the 
United States, England, France, the 
Netherlands, and Russia. Except for 
the zero-gradient synchrotron, which 
will be considered separately (§ 9.84), 
the highest proton energy from a con- 
ventional synchrotron is that from the 
Synchrophasotron at Dubna in the 
U.S.S.R., namely 10 GeV. 

9.77. The general form of a proton 
synchrotron is four quadrants joined 
by straight pieces, as indicated in Fig. 
9.13, I. In the Berkeley Bevatron, for 
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example, the radius of each quadrant 
is about 55 feet and the connecting 
pieces are 20 feet long. The elliptical 
(or flattened) cross section of the 


Fig. 9.13. Schematic representation of a 
proton synchrotron; horizontal section (I) 
and vertical section (II). 


doughnut DD is indicated in Fig. 9.13, 
II, which also shows the C-shaped cross 
section of the magnet, MM. The latter 
consists of a large number of plates 
surrounding only the quadrants of the 
doughnut; alternating: (pulsed) cur- 
rent is used for energizing purposes. 
For acceptance into the synchrotron 
orbit, the protons must be injected 
with a certain amount of momentum; 
hence they are first accelerated to an 
energy of about 6 to 10 MeV in most 
cases. The accelerator A used for this 
purpose is attached to one of the 
straight portions of the doughnut and 
is commonly either a Van de Graaff 
electrostatic generator or an Alvarez- 
type linear accelerator (§ 9.185). After 
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having their energy increased, as a 
result of many revolutions, the pro- 
tons are removed by a deflector at B. 
Injection and removal thus take place 
outside the magnetic field. 

9.78. The accelerating station C is 
also located in one of the straight sec- 
tions. A source of radio-frequency 
power is connected to a properly de- 
signed cavity, and as a result the pro- 
tons receive an increment of energy of 
about 1 keV (or more) in each revolu- 
tion. After making three or four mil- 
lion revolutions in the doughnut, the 
protons will have traveled a total dis- 
tance of several hundred thousand 
miles and will have acquired energies 
of the order of billions of electron volts. 
Some synchrotrons have more thar 
one accelerating station; for example, 
the 3-GeV Princeton-Pennsylvania Ac- 
celerator (PPA) operated by Princeton 
University and the University of Penn- 
sylvania, has four. The energy gain 
per turn can thus be increased cor- 
respondingly. 

9.79. To keep the protons in the 
synchrotron moving in a circular path 
of essentially constant radius, in spite 
of the increasing energy, the strength 
of the magnetic field is increased in 
proportion to the momentum, as de- 
scribed in § 9.66. As a result of the 
increasing speed of the particles as they 
gain energy in successive revolutions, 
the time required for the protons to 
make a turn of constant radius de- 
ereases; hence, the number of turns 
per unit time, i.e., the frequency of the 
revolutions, increases correspondingly. 
To maintain the condition of phase 
stability (89.48), which is essential 
for proper synchrotron action, the fre- 
quency of the radio-frequency alterna- 
tions applied to C is increased in the 
same manner. The frequency of these 
alternations does not have to be iden- 
tical with the frequency of revolutions, 
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but it must be an integral multiple 
(harmonic order or harmonic number). 
In fact, it is advantageous in prevent- 
ing oscillation of the particle orbits 
for such a harmonic (higher) alter- 
nating frequency to be used.* In the 
PPA mentioned above, for example, 
the harmonie order is eight, i.e., the 

' frequency of the oscillator, which 
varies from 2.5 to 3.0 megacycles per 
sec, is always eight times the frequency 
of revolution of the protons. 

9.80. The frequency of the oscilla- 
tions is increased fairly rapidly at first, 
as the protons gain speed, and then 
more slowly. When the speed attained 
is within a few percent of the velocity 
of light, i.e., at proton energies above 
about 4 GeV, the frequency becomes 
almost constant. The period during 
which the magnetic field strength and 
the oscillation frequency are increased 
generally lasts a second or two. There 
is then a short delay to permit the 
magnet to recover, followed by another 
period in which the protons are in- 
jected and gain energy. The output of 
a proton synchrotron thus consists of 
a series of pulses, usually at intervals 
of a few seconds. The PPA is excep- 
tional in the respect that the rise time 
of the magnetic field is only 0.025 sec 
and the repetition (or pulse) rate is 19 
per sec, compared with five to 30 per 
min in most other proton synchrotrons. 

9.81. The maximum energy (or mo- 
mentum) to which ions can be accel- 
erated in a synchrotron depends pri- 
marily on the available magnetic field 
strength for keeping the particles in 
the path of constant radius. For a 
given field, however, the limiting mo- 
mentum could be increased by increas- 
ing the radius of the particle orbit, i.e., 
of the doughnut chamber, as indicated 
by equation (9.1). But this would mean 
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an increase in the cireumference of the 
doughnut and consequently in the size 
(and mass) of the synchrotron magnet. 
The radius of the particle orbits, which 
affects the energy attainable, is thus 
restricted by practical considerations. 

9.82, Another factor influencing the 
size of the magnet is the cross-sectional 
area of the doughnut. As a result of 
minor fluctuations, the accelerated par- 
ticles do not travel in a precise circular 
path but deviate in both radial (hor- 
izontal) and axial (vertical) directions, 
In synchrotrons of the type under con- 
sideration, these deviations (or oscilla- 
tions) increase with the design energy, 
so that doughnut tubes of larger width 
and height are required to contain the 
particles, Since the magnetic field must 
enclose the whole doughnut, the mass 
of the magnet increases greatly with 
increasing energy of the accelerated 
particles. Some benefit is realized by 
designing the magnet so that the field 
is stronger at the inner than at the 
outer circumference of the doughnut. 
As a result of this negative gradient of 
the field in the radial direction, the 
deviations from a circular path are de- 
creased in both radial and axial direc- 
tions. However, there still remain oscil- 
lations in the radial (horizontal) direc- 
tion that arise from the operation of 
the phase stability effect (§ 9.48). Con- 
sequently, the width of the doughnut 
must be made greater than its height 
(cf. Fig. 9.3, II). 

9.83. One way of decreasing the 
cross-sectional dimensions of the 
doughnut, and hence of the magnet, 
is to use the strong focusing principle 
described in § 9.88. The straying of 
the accelerated particles from the ideal 
circular path is markedly reduced in 
both radial and axial directions. The 
height and width of the doughnut can 


* Another advantage is that the harmonic frequency may be chosen in the range at which 


the available oscillators operate most 


efficiently. 


314 


be decreased correspondingly and high 
particle energies can be attained with- 
out the need for excessively large and 
heavy magnets. A possible drawback 
to this procedure is that, if the cross 
section of the doughnut is too small, 
there may be a limit to the number of 
ions which can be carried in each 
pulse of the synchrotron, ie., to the 
intensity of the output beam. An in- 
tense ion beam is, of course, a highly 
desirable feature of a charged-particle 
accelerator. 


THE ZkRO-GRADIENT SYNCHROTRON 


9.84. The zero-gradient synchrotron is 
designed to accelerate particles to 
higher energies by using a stronger 
magnetic field than in the conventional 
synchrotron, It is a weak-focusing 
machine and so has a doughnut cham- 
ber of moderately large cross section, 
capable of holding a large number of 
protons per pulse. Because of the 
design of the magnets in an ordinary 
synchrotron, to provide the negative 
gradient, the maximum (or saturation) 
field strength at which the magnet can 
operate is not as high as would be pos- 
sible if there were no gradient. 

9.85. The magnets for the zero-gra- 
dient synchrotron are designed to 
produce a uniform field, with no varia- 
tion across the doughnut; as a result, 
an increase of some 50 percent is pos- 
sible in the saturation field strength as 
compared with a similar magnet having 
anegative radial gradient. Thestronger 
field then permits the acceleration of 
particles to higher energies. Weak 
focusing, called edge focusing, is pro- 
vided in the zero-gradient device by 
sloping the ends of the magnets, which 
are in sections as in Fig. 9,13, I, in 
such a way as to leave smaller gaps 
between them at the inner cireumfer- 
ence than at the outer perimeter of the 
doughnut. 
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9.86. The accelerator at the Argonne 
National Laboratory called the ZGS 
(Zero Gradient Synchrotron), the first 
of its kind, started operation in 1963. 
It is capable of accelerating protons to 
an energy of 12.5 GeV. The machine 
consists of eight curved magnet sec- 
tors, each about 62 feet long; the 
straight sections between the magnets 
are alternately 14 and 20 feet in length. 
The circumference of the doughnut is 
thus over 600 feet and the diameter 
200 feet. The total weight of the mag- 
net is less than 5000 tons, which may 
be compared with twice that mass for 
the 6.2-GeV (negative gradient) Beva- 
tron (§ 9.76). The respective peak 
fields, however, are 21,500 and 15,400 
gauss. There is a single accelerating 
station, supplied with radio-frequency 
power at a harmonic order of eight, 
ie, the variable frequency (4 to 14 
megacycles per sec) is eight times the 
frequency of revolution of the accel- 
erated particles. The average energy 
gain per turn is about 10,000 eV. 

9.87. Protons are injected at a rate 
of 15 pulses per min into the ZGS at 
50-MeV energy from a linear accel- 
erator (89.135) fed by a 750-keV 
Cockcroft-Walton machine. The design 
of the synchrotron and the relatively 
large cross section of the doughnut 
tube permit multiturn injection. In- 
stead of the protons being injected 
only over the time interval during 
which they make a single turn of the . 
doughnut, as in most synchrotrons, 
they are injected for a period of about 
200 millionths of a second, i.e., 200 
microseconds. During this time, the 
first protons entering the doughnut 
tube have made roughly a hundred 
turns. No acceleration occurs during 
the injection period, the magnetic field: 
being just strong enough to keep the 
protons moving in a circular orbit. It 
is the multiturn injection feature of 
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the ZGS which makes possible a higher 
beam intensity, namely, about 10% 
protons per pulse, than for any other 
existing accelerator. A proposal to in- 
crease the injection energy of the pro- 
tons to 200 MeV would make possible 
a further increase in the beam intensity. 


THE ALTERNATING-GRADIENT 
SYNCHROTRON 


9.88. As mentioned in $ 9.83, an- 
other way to decrease the size (and 
mass) of the magnet required for à 
synchrotron, and thus make possible 
the attainment of very high energies, 
is to utilize the strong-focusing prin- 
ciple. A suggested method for achiev- 
ing strong focusing was published in 
1952 by E. D. Courant, M. 8. Living- 
ston, and H. S. Snyder of Brookhaven 
National Laboratory, based on the 
use of magnetic fields with alternating 
gradients (cf. $ 9.52).* It was shown 
that by the application of a succession 
of alternate focusing and defocusing 
magnetic fields to a charged particle 
revolving in an orbit, the result is a 
strong net focusing effect. Suppose the 
alternate sections of the synchrotron 
magnet had their pole piece shaped as 
shown in Figs. 9.14, I and II. In the 
first case (Fig. 9.14, I), the magnetic 


Fie. 9.14. Principle of the alternating 
gradient synchrotron. 


field strength decreases from the inner 
to the outer circumference of the 
doughnut, as it does, although to a 
much smaller extent, in a conventional 
synchrotron. The large negative radial 
gradient of the field causes the orbits 
of charged particles to converge (or 
be focused) in the vertical plane, 
but there is some divergence (defocus- 
ing) in the horizontal plane. In the 
adjoining section of the magnet, as 
indicated in Fig. 9.14, II, the gradient 
of the magnetic field is in the opposite 
direction, increasing from inner to 
outer edge. Now, there is some de- 
focusing in the vertical plane but 
focusing in the horizontal plane. If 
this alternation of magnetic field gra- 
dients is continued around the whole 
doughnut, the net result is a strong 
focusing effect, i.e., a closer approach 
of the particle beam to the ideal cir- 
cular path. 

9.89, The application of the alter- 
nating gradient concept to an actual 
synchrotron design involved a number 
of difficult theoretical and practical 
problems. In order to help solve some 
of them, and to verify the basic theory, 
an alternating-gradient synchrotron 
for accelerating electrons to an energy 
of 10 MeV was completed at Brook- 
haven in 1955. Following upon its suc- 
cessful operation, plans were initiated 
for building large strong-focusing pro- 
ton synchrotrons at Brookhaven Na- 
tional Laboratory and at the CERN 
Laboratories near Geneva (§ 7.107 
footnote). The latter, known as the 
CERN PS (for Proton Synchrotron), 
started operation in November 1959 
and soon afterwards reached its design 
energy of 28 GeV. The Brookhaven 
AGS (Alternating Gradient Synchro- 


*The same pisos was enunciated in an article printed privately in 1950 in Athens, 


Greece, by a Boston- 
were fil 


rn, Greek electrical engineer, N. Christofilos, and patent applications 
filed. The idea had been communicated to the Radiation Laboratory, Berkeley, but the 
ERE there were unable to follow the unorthodox mathematical approach to ex- 
plain it. 


316 


tron) was completed in mid-1960 and 
produced protons with energies of 33 
GeV. The alternating-gradient syn- 
chrotron at Serpukhov, near Moscow, 
in the U.S.S.R., is designed to produce 
70-GeV protons; it is expected to be 
ready for experimental studies in 1968 
(§ 9.93). 

9.90. The Brookhaven AGS is essen- 
tially circular, with a diameter of al- 
most 850 feet. The magnet, weighing 
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inches high; the tube in which it is 
enclosed can be seen within the mag- 
nets in Fig. 9.16. Protons of 50-MeV 
energy are injected into one of the 
straight sections from a linear accel- 
erator supplied with 750-keV ions by 
a Cockeroft-Walton device. After in- 
jection, phase stability is maintained 
and the particle energy is increased in 
the same manner as for a conventional 
synchrotron, as described in § 9.79 et 


Fio. 9.15. Exterior of the Brookhaven Alternating Gradient Synchroton; the experi- 
mental building is at the right of center and the hydrogen bubble chamber is in the 
structure at the upper left. (Brookhaven National Laboratory) 


about 4500 tons, consists of 240 sec- 
tors, 3 feet by 3 feet in cross section, 
and has a maximum field strength of 
13,000 gauss. The magnets are sep- 
arated by straight sections of various 
lengths and occupy about two thirds 
of the ring. The circumference of the 
latter, the faint outline of which can 
be seen in Fig. 9.15, is just over half a 
mile. There are 12 accelerating stations 
around the doughnut tube and the 
energy gain per turn is 80 keV; the 
variable frequency (harmonic order 12) 
increases from 1.4 to 4.5 megacycles 
per sec in each pulse. The doughnut 
chamber is only 6 inches wide and 2.7 


seq. At its maximum energy, the pulse 
rate is 25 per min. 

9.91. There are two ways whereby 
the beam intensity of a synchrotron 
can be increased, namely, by increasing 
the energy of the injected protons and 
by using multiturn injection. There 
are plans for increasing the AGS injec- 
tion energy to 200 MeV, and possibly 
ultimately to 500 MeV. The former 
would permit increasing the output 
beam ten fold, to about 10!* protons 
per pulse with single-turn injection. At 
the same time, the repetition rate 
would be increased to 60 pulses per 
min. Both the Brookhaven AGS and 
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the CERN PS were designed for 
single-turn injection, and prior to 1965 
they always operated in this manner. 
In that year, however, multiturn injec- 
tion, with its associated increase in 
beam intensity, was achieved in these 
alternating-gradient synchrotrons, in 
spite of the small cross section of the 
doughnut chamber. In normal opera- 
tion of the accelerators, protons are 
injected only during the period in 
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tons are being injected. With the diver- 
gence in the particle orbits, it is prob- 
able that, under the influence of the 
magnetie fieldj many protons will 
strike the walls of the chamber, be- 
cause of its restricted dimensions, and 
so be lost. A way of solving this prob- 
lem is to utilize à special magnet to 
deliberately distort the proton orbits 
just prior to the injection point, so 
that they then move in essentially the 


Fia. 9.16. Inside the tunnel of the Alternating Gradient Synchrotron showing some of 

the magnets and a small section of the beam pipe; the protons, from the linear accelerator 

behind the wall at the left, are injected through the 4-inch pipe passing from upper left 
to lower right. (Brookhaven National Laboratory) 


which they make their first turn, i.e., 
7 or 8 microseconds. The linear accel- 
erator can operate in significantly 
longer pulses, and so multiturn injec- 
tion into the synchrotron should be 
possible in principle. 

9.92. A difficulty arises, however, 
because the protons in the doughnut 
do not travel in an exactly circular 
path, but oscillate about it. Conse- 
quently, when the first particles have 
completed an orbit and returned to the 
injection point, their direction of mo- 
tion may make a fairly large angle with 
the direction in which additional pro- 


same direction as the particles being 

newly injected. In early tests, the inten- 

sities of the proton beams from the 

AGS and the CERN PS have been 

increased by factors of two to three 

by using multiturn injection. There is 

little doubt that greater increases can 

be achieved with the solution of many 

problems encountered, eg., space 
charges, beam instabilities, etc. 

9.93. Since the 70-GeV proton al- 
ternating-gradient synchrotron at Ser- 
pukhov is likely to be the world’s most 
powerful accelerator for several years, 
mention may be made of some of its 
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features, as far as they are known. It 
has 120 magnet units separated by 
straight sections of three different 
lengths, namely, about 15, 814, and 
414 feet. The maximum field strength 
is 12,000 gauss. The doughnut cham- 
ber is 6.5 inches wide and 4.4 inches 
high; its diameter is over 1500 feet. 
Protons are injected at 100 MeV from 
a linear accelerator supplied by a 700- 
keV Cockcroft-Walton machine, and 
the energy is increased by means of 
53 accelerating stations distributed 
around the chamber. The radio-fre- 
quency power is supplied at a har- 
monie order of 30, and the energy gain 
per turn is 350 keV. The maximum 
beam intensity is expected to be 101? 
protons per pulse and the repetition 
rate is 5 to 10 pulses per min. 


Proton SYNCHROTRONS FOR 
Very Hien ENERGIES 


9.94. Provided there are no unfore- 
seen developments, the next stage in 
the production of high-energy protons 
is the 200-GeV alternating-gradient 
synchrotron due for completion in the 
United States about 1974, close to the 
small town of Weston, near Chicago, 
Illinois. The design involves no novel 
features and is based on a reasonable 
scaling up of established accelerator 
technology. The acceleration of pro- 
tons to 200-GeV energy will take place 
in four stages, namely, a 750-keV 
Cockcroft-Walton machine, a 200- 
MeV linear accelerator, an 8-GeV 
injector (or booster) alternating-gra- 
dient synchrotron; and finally the main 
synchrotron. The latter will be designed 
for multiturn injection, and seven 
pulses of 8-GeV protons from the 
booster will be injected over a period 
of one third of a second, with the mag- 
netic field kept at a low value, Subse- 
quently, the magnetic field will be in- 
creased and the radio-frequency field 
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activated to increase the proton energy 
to 200 GeV. 

9.95. The 8-GeV injector synchro- 
tron is to have a diameter of 650 feet, 
with a magnet weighing 1200 tons. 
Although this injector is almost as 
large as the Brookhaven AGS and the 
CERN PS, the proton energy is con- 
siderably smaller; on the other hand, 
it has a much greater pulse rate, 
namely, 1080 per min compared with 
20 to 25 per min for the other syn- 
chrotrons. The frequency of the radio- 
frequency accelerating field will be in- 
creased by 57 percent in each cycle. 

9.96. The main synchrotron will be 
4530 feet, i.e., more than seven eighths 
of a mile, in diameter. The 528 mag- 
nets are divided into 12 groups, with 
the same number of exceptionally long 
straight sections, each 112 feet in 
length, between them. The total mass 
of the magnet, will be 19,400 tons and 
the maximum field strength, to be 
achieved by special design of the mag- 
nets, is to be 15,000 gauss. The dough- 
nut chamber will be a little over 4.7 
inches wide and 2 inches high. There 
will be 42 radio-frequency accelerating 
stations located in three of the straight 
sections, but only 36 will be in use at 
any given time. Because the velocity 
of the 8-GeV injected protons is al- 
ready close to the velocity of light, 
the frequency of the accelerating field 
will need to increase by no more than 
0.55 percent. The energy gain per turn 
will be 7 MeV. The machine will op- 
erate at a pulse rate of 30 per min 
producing 3 X 10'* protons per pulse 
at 200-GeV energy. It is possible that 
the beam intensity can be increased to 
10'* protons per pulse at a later time. 

9.97. A 300-GeV alternating-gra- 
dient proton synchrotron has been 
designed by CERN for possible con- 
struction somewhere in Europe. It 
would use essentially the same method 
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of injection as the 200-GeY machine 
described above, but the main accel- 
erator would be somewhat larger to 
provide the higher energy. The design 
calls for a beam intensity of 3 X 10" 
protons per pulse at a rate of 20 pulses 
per min. 

9.98. The ultimate in realistic accel- 
erator design is the proposal for a 600- 
to 1000-GeV proton synchrotron in the 
United States. If the final stage is an 
alternating-gradient machine, the di- 
ameter would be about 3.5 miles to 
achieve a proton energy of 1000 GeV. 
The mass of the magnet would be over 
40,000 tons. Consideration is being 
given to the use of a 6-GeV linear ac- 
celerator as the booster injector be- 
cause it is thought that matching to 
the main synchrotron would be better 
than for other possible boosters. It is 
improbable that construction of the 
600- to 1000-GeV accelerator will 
start before 1972 with completion 
about 1980 at the soonest; there is 
consequently ample time for the devel- 
opment of new concepts. Because of 
the large construction and operating 
costs of such a large machine, its real- 
ization may require a cooperative in- 
ternational effort. 


PARTICLE BEAM SEPARATION 


9.99. An important aspect of the op- 
eration of a proton synchrotron facility 
is the technique of beam separation. 
When the high-enérgy protons impinge 
on a target of a metal or other appro- 
priate solid, several different particles, 
such as various mesons, muons, neu- 
trinos, etc., are produced. It is then 
necessary to separate out the particles 
required for a particular experiment. 
For this purpose a number of different 
types of beam separators have been 
devised 

9.100, In one form of beam sep- 
arator, particularly suitable for use 


with spark chamber detectors (§7.120), 
where exact timing is possible, the par- 
ticles are first passed through a mag- 
netic field. Neutral particles, if present, 
are unaffected but charged particles 
are deflected in one direction or the 
other according to their sign. The ra- 
dius of curvature of the path of a 
charged particle in a magnetic field 
depends on its momentum m» [ef. 
equation (9.1)]. Hence, if the strength 
of the deflecting field is known, par- 
ticles of a given momentum (and sign) 
can be selected. These are allowed to 
pass on through a slit, and all other 
particles are rejected. Particles of the 
required mass may then be chosen by 
making a further separation on the 
basis of velocity. Since the momentum, 
i.e., m», is constant, all particles having 
a certain velocity, v, will have the 
required mass, m. 

9.101. Velocity separation to select 
particles of a specified mass can be 
achieved in two different ways. The 
first is based on a time-of-flight tech- 
nique. Suppose J is the distance be- 
tween the slit, from which the particles 
emerge in a pulse at constant known 
momentum, and a suitable detecting 
device, e.g., a spark chamber. If v is 
the velocity of the particles having 
the required mass m, then the trigger- 
ing system of the detector is adjusted 
to operate at a time v/l after passage 
of the particles through the slit. 

9.102. The second method of veloc- 
ity selection utilizes the Cherenkov 
radiation produced by the high-veloc- 
ity particles, As seen in § 7.83, the 
direction of light emission depends on 
the velocity of the initiating particles 
(ef. Fig. 7.13). In the differential 
Cherenkov counter, the emitted light 
is reflected on to a disk having a nar- 
row annular (ring-shaped) slit. As a 
result, only such radiation as is emit- 
ted at a particular angle, and which 
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is produced by radiation of a given 
velocity, will pass through the slit and 
fall on a photomultiplier tube. Suppose 
the counter is located at a certain dis- 
tance from a point at which emerges 
a pulse of particles having the same 
momentum. The photomultiplier tube 
will respond, and trigger a spark cham- 
ber, only when particles of a given 
velocity (and mass) reach the differen- 
tial Cherenkov counter. To obtain 
good resolution, i.e., the ability to dis- 
tinguish between particles with not 
very different velocities (and masses), 
a gas is used as the medium in the 
counter. Particles of different veloc- 
ities (and masses) can then be selected 
by varying the gas pressure while re- 
taining the same angle of light emission, 
i.e., the same annular slit. 

9.103. When a bubble chamber 
(§ 7.103) is used as the detector, trig- 
gering at a precise time is not possible 
and other procedures must be used 
for beam separation. In an electric 
field, à charged particle of a given 
momentum is deflected from its orig- 
inal direction of motion to an extent 
that is inversely proportional to its 
velocity [cf. equation (6.1)]. Hence, if 
the particles are first passed through 
a magnetic field to select those having 
2 certain momentum, velocity selec- 
tion can be accomplished by passage 
through an electric field. This is the 
basis of the electrostatic beam separator. 
The electric field can be applied simul- 
taneously with the magnetic field, ie., 
over the same region, or the two fields 
may be separated.* 

9.104. Since the deflection of a par- 
ticle of given momentum in an electric 
field is inversely related to its velocity, 
the separations between particles of 


fields is t] 
($ 6.50) 
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different mass become smaller with in- 
creasing particle energy (or momen- 
tum). In principle, the extent of sep- 
aration could be increased by using a 
strong electric field extending over a 
considerable distance, e.g., 120 feet or 
more, but this is not very practical. 
Consequently, the radio-frequency sep- 
arator has been developed for particle 
beams of high energy (or momentum). 
The device consists essentially of two 
cavities, which are iris-loaded, travel- 
ing wave guides, 6 to 10 feet (2 
to 3 meters) in length, excited at a 
radio-frequency of about 3000 mega- 
cycles per sec, i.e., 10 em wave length. 
The distance between the cavities de- 
pends on the masses of the particles 
to be separated; it is about, 130 feet 
(40 meters) in the beam separators 
that are intended primarily to separate 
pi- and K-mesons. 

9.105. Charged particles entering a 
cavity are subjected to the action of 
an electromagnetic field which deflects 
them through an angle that depends 
on their time of entry into the cavity 
relative to the phase (or amplitude) of 
the radio-frequency wave. Consider à 
group of particles having the same mo- 
mentum, selected by means of a mag- 
netic field, entering the first cavity 
simultaneously. In this cavity, they 
are all deflected to the same extent. A 
system of magnets then guides and 
focuses the particles into the second 
cavity. Because of their different veloc- 
ities (or masses), however, the particles 
arrive there at different times, i.e., at 
different phases of the radio-frequency 
waves; consequently, they suffer deflec- 
tions through different angles. The 
desired particles can thus be separated 
from the others present in the beam. 


* The principle of. Separating particles according to their mass by magnetic and electric 
e same as that used in positive-ray analysis (§ 6.26) and in the mass spectrometer 


1 They are similar to the loaded wave guides used for the acceleration of electrons (§ 9.126), 
except that the electric field is transverse, i.e., across the cavity, instead of along the axis. 
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The drawback of the radio-frequency 
particle separator is that it consumes 
large amounts of power and can be op- 
erated for only a few microseconds at 
a time. The expected development of 
superconducting cavities (cf. § 9.165) 
would make possible virtually contin- 
uous operation with a very small power 
expenditure. 


Tue ELECTRON SYNCHROTRON 


9.106. A design for an electron syn- 
chrotron was proposed by McMillan 
in 1945 when he enunciated the prin- 
ciple of phase stability (§ 9.48), and 
the first practical application of the 
idea was made by F. K. Goward and 
D. E. Barnes in England in 1946, when 
they converted a 4-MeV betatron into 
a synchrotron yielding 8-MeV elec- 
trons. Shortly thereafter, in 1947, H. C. 
Pollock and W. F. Westendorp of the 
General Electric Company designed 
and built a machine using the synchro- 
tron concept; it produced electrons of 
70-MeV energy, although its magnet 
weighed only 8 tons, compared with 
135 tons for the 100-MeV betatron 
magnet.* The device originally de- 
signed by McMillan, capable of yield- 
ing 330-MeV electrons, was completed 
at the University of California, Berke- 
ley, in 1947, and several others of about 
the same capability were built else- 
where in the next few years. Subse- 
quently, constant-gradient (weak-fo- 


` eusing) electron synchrotrons with 


outputs in the 1.1- to 1.2-BeV region 
were constructed in the United States 
and in Italy. 

9.107. After the  alternating-gra- 
dient, strong-focusing principle was 
tested successfully in the acceleration 
of electrons (§ 9.88), it was adopted 
in several electron synchrotrons. The 


first was the 1.2-GeV, subsequently in- 
creased to 2.2-GeV, machine at Cor- 
nell University completed in 1955, 
which was followed by others like it 
in Japan and Sweden. The electron en- 
ergy was increased to 6 to 7 GeV with 
the Cambridge Electron Accelerator 
(CEA), operated by Harvard Univer- 
sity ‘and the Massachusetts Institute 
of Technology; this was the prototype 
for similar alternating-gradient, elec- 
tron synchrotrons at Hamburg in Ger- 
many, Ehrevan in Soviet Armenia, and 
Daresbury, England. An accelerator of 
the same type with a design energy of 
10 GeV is scheduled for completion in 
1968 at Cornell University. 

9.108, The electron synchrotron is 
similar to the proton synchrotron in 
its use of a ring magnet with a C-shaped 
cross section (Fig. 9.13, II) and a mag* 
netic field of increasing strength which 
keeps the electrons orbiting in a cir- 
cular path of essentially constant ra- 
dius. In the electron synchrotron, how- 
ever, the frequency of the oscillating 
electric field which supplies energy to 
the electrons is constant, in nearly all 
cases, whereas in the proton synchro- 
tron it increases. This difference arises 
because electrons of 2-MeV energy al- 
ready have a velocity 97.9 percent 
that of light; subsequent energy addi- 
tions then serve to increase the (rel- 
ativistie) mass with little change in 
velocity. For energies above 2 MeV, 
therefore, the frequency of revolution 
of tlie electrons in the synchrotron 
doughnut chamber is essentially con- 
stant; consequently, the  radio-fre- 
quency field must also have a constant 
frequency for phase stability to be 
maintained. 

9.109. With the earlier electron syn- 
ehrotrons, which produced electrons of 


* A 300-MeV nonferromagnetic electron synchrotron, in which the magnetic field is pro- 


duced by 
General 


ing an electric current through specially 
CS Coni patiy in cooperation with the Office of Naval 


igned coils, was constructed by the 
Research. 
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around 300-MeV energy, betatron ac- 
tion is used to accelerate the electrons 
to about 2 MeV within the doughnut. 
In order to generate the necessary in- 
duced current, it is necessary for the 
hole of the doughnut to be threaded 
by a magnetic field (§ 9.65). Iron bars, 
called flux bars, as shown in the sec- 
tion in Fig. 9.17, serve this purpose, 


Fig. 9.17. Section of electron synchrotron 
with flux bars. 


although only to a limited extent. 
Electrons are injected into the dough- 
nut chamber after a preliminary accel- 
eration in an electrostatice field to 
50,000 to 100,000 volts. Due to the 
action of the increasing magnetic field, 
the electrons travel in a circular path, 
and the change with time of the field 
through the flux bars induces an elec- 
tromotive force within the doughnut 
which adds energy to the electrons, 
just as in the betatron. However, the 
flux bars are designed so that when the 
energy of the electrons reaches 2 to 3 
MeV, the bars are magnetically sat- 
urated. The magnetic field they pro- 
duce can thus increase no further and 
they are no longer able to induce an 
electromotive force; betatron operation 
then ceases: 

9.110. At this point, synchrotron ac- 
tion is initiated by energizing a radio- 
frequency accelerating cavity, similar 
to that used in proton synchrotrons 
but operating at a constant frequency 
equal to (or an integral multiple of) 
the frequency of revolution of the 
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electrons in the doughnut. As a result 
of the increasing magnetic field, the 
electrons are kept revolving in a cir- 
cular orbit of essentially constant ra- 
dius, gaining energy of a few thousand 
volts in each turn, as they pass through 
the cavity. 

9.111. In the large alternating-gra- 
dient electron synchrotrons, giving 
particle energies in the billion electron 
volt (GeV) range, electrons are injected 
with energies already exceeding 2MeV. 
For example, in the CEA mentioned 
above, electrons are given a prelim- 
inary acceleration to 20 MeV in a 
linear accelerator, of the type described 
in § 9.122 et seg., before injection into 
the synchrotron. Subsequent increases 
in energy are provided by means of 16 
radio-frequency acceleration stations 
operating at a constant frequency of 
476 megacycles per sec, representing 2 
harmonic order of 360. The magnet, 
which is in 48 sections, weighs only 
about 350 tons and has a maximum 
field strength of 7600 gauss. The op- 
erating rate of the CEA is 3600 pulses 
per min with approximately 10"! elec- 
trons per pulse. 

9.112. Because an electron traveling 
in a circular path loses energy by ra- 
diation, especially as the energy in- 
creases; it was thought at one time 
that the maximum energy attainable 
in an electron synchrotron was about 
1 GeV. The energy loss can be mini- 
mized by increasing the radius of the 
doughnut (89.72), and the energy 
gain per turn can be inereased by 
increasing the number of accelerating 
stations. These modifications were 
adopted in the high-energy electron 
synchrotrons. The CEA, for example, 
has a diameter of over 170 feet, com- 
pared with 24 or 25 feet for a 1-GeV 
machine. Furthermore, with its 16 ac- 


-celeration stations, the energy gain per 


turn is 860 keV, compared with less 
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than 100 keV for the smaller machines. 
Because of the relatively small mass of 
the magnet required for an alternating- 
gradient electron synchrotron, such 
accelerators of large size are not im- 
practical, The 10-GeV device at Cor- 
nell University, for example, is to have 
a diameter of 750 feet, and even larger 
electron synchrotrons have been de- 
signed. An important advance would 
be the development of cavity. res- 
onators with superconducting walls 
(8 9.165), since they would make pos- 
sible a significant increase in the energy 
gain per turn. 


FFAG RiNG ACCELERATORS 


9.113. Soon after the development 
of the alternating-gradient concept in 
1952 (8 9.88), L. J. Haworth at Brook- 
haven National Laboratory suggested 
that the focusing properties of the al- 
ternating-gradient magnetic field might 
be realized in another manner in a 
ring-shaped accelerator. He proposed 
a sequence of magnet sectors of fixed 
field, but with the polarity alternating 
from one sector to the next; that is to 
say, one magnet sector would have its 
north pole pointing inward and the 
south pole outward, and in the next 
sector the poles would be reversed, and 
so on around the ring. Calculations 
made by H. S. Snyder ($9.88) in- 
dicated that the principle was sound 
theoretically, but that it possessed no 
advantage over the alternating-gra- 
dient synchrotron then being designed. 
During the next year or two, the idea 
of using reversed magnetie fields in 
alternate sections was proposed in- 
dependently by T. Obkawa in Japan, 
by A. A. Kolmenski and his coworkers 
in the U.S.S.R., and by K. R. Symon 
and his associates of the Midwestern 
Universities Research Association 
(MURA) in the United States. Al- 
though it was not realized at the time, 
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the basic principle of these ring accel- 
erators is the same as that of the fixed- 
frequency cyclotron proposed by L. H. 
Thomas in 1938, to which reference 
was made earlier ($ 9.52 et seg.). 
9.114. The MURA group has devel- 
oped two forms of fixed-field alter- 
nating-gradient (FFAG) electron ac- 
celerators of the ring type. The first, 
called the radial-sector FFAG accel- 
erator, consists of magnet sectors of al- 
ternating polarity, as described: above, 
surrounding a doughnut-shaped ring. 
Although they are sometimes referred 
to as FFAG synchrotrons, the ma- 
chines under consideration differ from 
synchrotrons in several respects; first, 
the FFAG accelerator can operate 
continuously rather than in pulses, 
and second, the particle radius is not 
constant, as it is in a synchrotron, but 
increases with each revolution as the 
energy increases, as in a cyclotron. 
This means that the width of the 
doughnut tube is very much greater 
than for a synchrotron with the same 
energy capability. The magnet, which 
surrounds the tube is consequently 
much, larger and more massive than 
for an equivalent synchrotron. As with 
machines of the latter type, the par- 
ticles to be accelerated must be injected 
with a significant amount of energy. 
9.115. The second type of FFAG 
system, representing a decided im- 
provement over the radial-sector ma- 
chine, is the spiral-sector FFAG ring 
accelerator, devised by D. W. Kerst in 
1956. It is similar to the spiral-ridge 
cyclotron (8 9.55), except that the cen- 
tral portion is removed, leaving only 
the outer ring. Shims are attached to 
the ring-shaped pole faces of the mag- 
net to form a number of spiral ridges 
that provide focusing of the particle 
beam (Fig. 9.18). The spiral-sector 
FFAG accelerator also requires a wide 
doughnut, but the magnet, although 
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still large, is less massive than for the 
radial-sector design. This concept, like 
its forerunner, was tested in an elec- 
tron accelerator which functioned in 


Fig. 9.18. Magnets of spiral sector FFAG 
ring accelerator. 


the expected manner. One of the main 
advantages of FFAG accelerators is 
that, like cyclotrons, they can operate 
continuously, and thus provide larger 
average particle currents than are pos- 
sible with a synchrotron. A ring accel- 
erator of this general type is being 
constructed in Zurich, Switzerland, to 
produce moderate currents of 510- 
MeV protons. There are eight C-shaped 
spiral-ridge magnets and four radio- 
frequency accelerating cavities. The 
injector is a spiral-ridge cyclotron 
lesigned to generate protons with an 
energy of 68 MeV. 


Tue SEPARATED-ORBIT CYCLOTRON 
(SOC) 

9.116. The separated-orbit cyclotron, 
for operation at a fixed frequency and 
constant magnetic field, combines some 
of the features of several different cyclic 
(and linear) accelerators. The design 
of this machine has been performed 
largely at the Oak Ridge National 
Laboratory in the United States and 
at the Chalk River Laboratory in 
Canada. The chief purpose of the SOC 


‘Sourcebook on Atomic Energy 


Chap. 9 . 


is the production of exceptionally — 
large currents—several milliamperes— ^ 
of protons, and other light ions, with | 
energies up to about 1 GeV. Such en- - 
ergies would most conveniently be - 
attained in three stages, e.g., 10 to 50, 
50 to 350, and 350 to 1000 MeV © 
(1 GeV). Particle currents of this kind - 
are required to generate intense beams. — 
of secondary particles, e.g., neutrons - 
and mesons, for research purposes. In 
the SOC as conceived by the English ` 
physicist F. M. Russell in 1963, the 
accelerated protons were to follow a - 
three-dimensional, spiral-helix path, < 
following a beehive-shaped outline, but .— 
for energies up to 1 GeV, at least, a | 
flat spiral is preferable, and the SOC " 
concept is being developed in this form, 
9.117. The main components of the .— 
accelerator are the sector-shaped mag- — 
nets, 12 to 24 in number, for bending. 
the proton beam into a spiral path, - 
alternating with radio-frequency ac- — 
celerating cavities arranged in a ring, 
as shown in plan in Fig. 9.19, I. The 
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Fie. 9.19. Arrangement of magnets and 

accelerating cavities in the separated-orbit - 

cyclotron (1); partial vertical section of 
magnet (II). 


protons are injected at an energy of. 
about 10 MeV, in the first stage, at — 
the inner circumference of the ring ant 
they pass down a spiral beam tub 
Each turn of the spiral tube is loca 


The Acceleration of Charged Particles 


between separate sets of pole tips 
mounted on a common magnet yoke, 
as indicated in the partial vertical sec- 
tion in Fig. 9.19, IZ. The term “‘sep- 
arated-orbit" arises from this feature, 
since each orbit has its own magnetic 
field. Different methods of focusing 
the particle beam can be used; at low 
energies, zero-gradient focusing ($9.84) 
may be satisfactory but at higher en- 
ergies an alternating-gradient field 
(Fig. 9.19, II) appears to be preferable. 
The individual field strengths are ad- 
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justed to make the system synchro- 
nous ($ 9.56), i.e., so that it takes the 
same time for the particle to make 
each turn of its spiral path, regardless 
of its energy. This permits the use of 
an accelerating field of constant fre- 
quency. The actual frequency is about 
50 megacycles per sec, for which effi- 
cient oscillators are available; the har- 
monic number (§ 9.79) is usually about 
18 to 25. The SOC can operate contin- 
uously and so can produce large.av- 
erage ion currents, as stated above. 


LINEAR ACCELERATORS 


GENERAL CONSIDERATIONS 


9.118. In a linear accelerator, a 
name often abbreviated to linac, the 
energy of a charged particle is increased 
steadily or in steps as it travels in a 
straight line. The Wideróe accelerator 
(89.24) was the first device of this 
type, but modern linear accelerators 
function in a somewhat different man- 
ner. They are essentially cylindrical 
wave guides, i.e., hollow conducting 
(metal) tubes, such as are used for the 
propagation of microwaves.* If elec- 
tromagnetic waves of the proper fre- 
quency are fed into one end of a wave 
guide, the waves, and the associated 
oscillating electric and magnetic fields 
(§ 3.23), travel along the length of the 
guide. The rate of propagation of the 
wave front in a wave guide, called the 
phase velocity, is defined as the velocity 
with which an observer would have 
to travel along the length (or axis) of 
the wave guide in order to maintain a 
position of constant phase, e.g., at the 
maximum of the wave. 

9.119. It may at first appear sur- 
prising that the phase velocity in a 


simple wave guide is never less and is 
usually greater than the velocity of 
light. The reason is that, as a general 
rule, the electromagnetic waves ap- 
proach the walls of the wave guide at 
an angle; they are consequently re- 
flected back and forth and travel along 
the guide in a zigzag path. The com- 
bination (or interference) of these 
waves leads to a new wave pattern in | 
which the wave length, e.g., the dis- 
tance between successive maxima, is 
greater than in free space. The phase 
velocity is equal to the product of this 
wave length and the normal frequency 
of the electromagnetic waves (ef. 
§ 3.13). The latter remains unaffected 
by the wave guide and so the phase 
velocity is greater than the velocity 
of the wave in free space, ie., the 
velocity of light. 

9.120. Although the foregoing rep- 
resents the general behavior in à wave 
guide, there are two special situations 
that should be mentioned. If the wave 
guide has an infinitely small diameter, 
the waves are not reflected at the 
walls, but travel directly along the 


* Microwaves are uix ea waves similar to radio waves with wave lengths ranging 


from about a millimeter to a few centimeters, | 


cycles per sec (cf. Fig. 3.4). They are ui 
vision transmission. 


i.e., with frequencies around 10* or 10° mi 
tilized in radar and in telephone, telegraph, and tele- 


» 


e 
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guide; the phase velocity is then equal | field, provided the particle velocity is 
to the velocity of light. At the other | equal (or close) to the phase velocity 
extreme, if the diameter of the (cir- | of the wave. In the event that there 
cular) wave guide is equal to 0.77 | are several components of the electro- 
times the free space wave length, the | magnetic wave moving in opposite 
waves approach the walis of the guide | directions, as noted above, it is the 
at right angles; the phase velocity is | wave traveling with the characteristic 
then infinite.* A wave guide of this | phase velocity by which the particle is 
type is called a cavity resonator. A cyl- | carried forward. The net effect of all 
inder with a larger diameter, relative | other components of the wave motion 
to the wave length, is unable to prop- | is small and can be neglected. Conse- 
agate electromagnetic waves of that | quently, as far as the charged particle 
particular length. is concerned, there is only one travel- 
9.121. If the electromagnetic wave | ing-wave component which needs to 
is completely absorbed (or dissipated) | be considered, regardless of the actual 
at the end of the wave guide, the result | wave pattern. 
is a traveling wave. But if there is an 
electrical conductor at the end, part | ELECTRON LINEAR ACCELERATORS 
(or all) of the wave will be reflected 9.123. A charged particle with a 
back along the guide. The combination | nonrelativistic velocity, i.e., consid- 
of the waves moving in opposite direc- | erably less than the speed of light, will 
tions leads to what is called a standing | increase in velocity as its energy in- 
wave. Regardless of the type of wave | creases. Consequently, if a wave guide 
pattern, however, it can be shown that | is to act as an accelerator and contin- 
the wave motion may be regarded as | uously increase the particle energy, 
consisting of a series of superimposed | the phase velocity of the significant 
waves. One of these, which is of imme- | traveling wave must increase steadily 
diate interest, is a forward traveling | to correspond to that of the particle. 
wave with a characteristic phase veloc- | On the other hand, if the charged par- 
ity determined by the free space wave | ticle has a velocity close to that of 
length and the radius of the wave | light, there will be little further change 
guide. In addition, there may be other | in velocity as its energy is increased. 
waves with various phase velocities | The particle can then gain energy from 
traveling in both forward and reverse | a wave traveling with an essentially 
directions, constant phase velocity, namely, the 
9.122. The essential feature of a | velocity of light. It is this latter situa- 
linear accelerator is that a charged | tion which makes linear accelerators 
particle injected into a wave guide | of the wave-guide type readily adapt- 
near the maximum of an appropriate | able to the production of electrons of 
oscillating electromagnetic field will | very high energy. 
be carried forward by the traveling 9.124. A concept for a charged-par- 
wave.} At the same time, the particle | ticle accelerator utilizing something 
will gain energy from the oscillating | like, although not actually, a traveling 


, * The situation is similar to that of an ocean wave approaching a shore exactly at right angles, 
i.e., the wave front is parallel to the shore. The maximum (crest) of the wave reaches all points 
on the shore at the same time, and an observer would have to travel at an infinite velocity 
along the shore to keep up with it. 

1 The field pattern must. be in what is known as the TM (transverse magnetic) mode; this 
has an electric field directed along the axis of the wave guide as a major component. 
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wave-guide system was proposed by 
G. Ising in Sweden in 1924, but appar- 
ently it was not put into practice. In 
1933 and 1934, however, J. W. Beams 
(§ 6.101) and his collaborators in the 
United States succeeded in using an 
electromagnetic wave from a spark 
discharge, traveling along a trans- 
mission line, to accelerate electrons. 
Shortly thereafter, W. W. Hansen at 
Stanford University became interested 
in the possibility of building a wave- 
guide accelerator. He was handicapped, 
however, by the unavailability of 
adequate sources of radio-frequency 
waves, and as a result he became in- 
volved in the development of electron 
tubes, partieularly the klystron, for 
producing large amounts of microwave 
power. This work was stimulated by 
the demand for radar equipment dur- 
ing World War II, and consequently 
after the war electron linear acceler- 
ators of the wave-guide type became 
a reality. 

9.125. The first traveling-wave, elec- 
tron (4 MeV) linac was constructed by 
D. W. Fry and his associates in Eng- 
land in 1946, and in the following year 
Hansen and his colleagues completed 
a similar device which produced 6-MeV 
electrons. This 12-foot long machine 
was the forerunner of a linear accel- 
erator, nearly 2 miles in length, which 
may ultimately yield electrons with an 
energy of 40 GeV, as will be seen 
shortly. Much of the early work on 
traveling-wave electron linacs was per- 
formed at the U.K. Atomic Energy 
Authority laboratories at Harwell, 
England, but it was largely directed at 
machines operating in the energy range 
below about 25 MeV. The major activ- 
ities in connection with the production 
of electrons of very high energy have 
been carried out at the accelerator 
project of Stanford University in the 
United States. The Mark III accelera- 
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tor at Stanford, which is 300 feet long,. 
was the prototype for the linear accel- 
erators at Orsay, France, and Kharkov, 
Russia, completed in the early 1960s. 
These machines accelerate electrons to 
energies of 1 to 2 GeV. Other linacs 
have been developed for producing 
very intense beams of electrons but at 
substantially lower energies. 

9.126. Most electron linear accel- 
erators are of the traveling-wave type, 
but there are a few which make use of 
standing waves. The earliest of these 
was the 16-MeV machine completed 
around 1950 at the Massachusetts In- 
stitute of Technology under the direc- 
tion of J. C. Slater. The design of this 
accelerator was determined largely by 
the radio-frequency power tube, the 
magnetron, avaiiable at the time. The 
standing-wave system helped to sta- 
bilize the frequency of the magnetron 
output which tended to vary with 
time. This problem does not exist with 
the klystron tubes that are now in 
common use. Except for a few special 
situations, where standing waves ap- 
pear to be advantageous, traveling- 
wave accelerators are generally used 
for electrons. There is interest, how- 
ever, in the application of standing 
waves to the acceleration of protons 
at energies in excess of about 100 MeV 
(§ 9.148). 

9.127. It was stated earlier that the 
phase velocity of the electromagnetic 
wave in a wave guide is either equal 
to or (usually) greater than the speed 
of light; on the other hand, the veloc- 
ity of an electron is always less than 
that of light. But in order for an elec- 
tron to be accelerated in a wave-guide 
system, the phase velocity must be 
essentially equal to that of the accel- 
erating electron. One way in which 
this apparently paradoxical situation’ 
can be overcome is by placing metal 
disks, with holes in the center, at in- 
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tervals along the metal tube consti- 
tuting the wave-guide accelerator (Fig. 
9.20). The resulting system, known as 


Fra. 9.20. Section of'fhis-loaded (or disk- 
loaded) wave guide. 


an iris-loaded (or disk-loaded) wave 
guide, is thus divided into a large num- 
ber of cavities which are connected (or 
coupled) together by the holes in the 
disks. The beam of electrons to be 
accelerated passes through these holes. 

9.128. The diameter of the hole, 
relative to that of the wave-guide cyl- 
inder, determines the change in phase 
of the electromagnetic wave as it passes 
from one cavity to the next, and, con- 
sequently, the over-all (or effective) 
phase velocity along the guide axis. 
Although the phase velocity in each 
cavity may exceed that of light, the 
resultant phase velocity over many 
properly coupled cavities is less than 
(or equal to) the velocity of light. An- 
other point of view is that as the wave 
proceeds down the guide it is subject 
to a series of reflections and scatterings 


from the disks. In the resulting wave | 


pattern, the wave length is less than 
in free space; consequently the effec- 
tive phase velocity is less than that of 
light. 

9.129, The important parameters of 
a wave-guide.accelerator are the diam- 
eters of the cylinder (wave guide) and 
of the holes in the disks, and the 
spacing of the disks. The thickness of 
the disk is not important, provided 
only that it is small in comparison 
with the spacing. The diameter of the 
cylinder is very approximately that 


Sourcebook on Atomic Energy 


Chap. 9 


required to make it a cavity resonator 
if it were not loaded, i.e., roughly 0.77 
of the free space wave length of the 
radio-frequency waves which will ac- 
celerate the electrons (8 9.120). The- 
oretieally, in order to minimize the 
expenditure of radio-frequency power, 
the wave length should be short, i.e., 
the frequency should be high. By 
taking into consideration the problems 
of power generation at very high fre- 
quencies and the diameter of the wave- 
guide cylinder, which must decrease as 
the frequency inereases, the frequency 
chosen is close to 3000 megacycles per 
sec. This corresponds to a free space 
wave length of 10 cm, and so the 
diameter of the cylinder is around 
8 cm, i.e, a little over 3 inches. The 
actual diameter is adjusted to provide 
the optimum rate of energy flow along 
the loaded wave guide. 

9.130. The spacing between the 
disks influences the efficiency of the 
conversion of the radio-frequency 
power into electron energy. Theoret- 
ically, the best value is the free-space 
wave length divided by 3.5; in the 
earlier electron linaes, the spacing was 
taken as a quarter of a wave length, 
i.e; about 2.5 em (1 inch), but in the 
large SLAC* machine ($ 9.134), it is 
one third of the phase wave length, 
i.e., of the phase (or electron) velocity 
divided by the frequency of the elec- 
tromagnetic waves. The diameter of 
the holes in the disks is dependent on 
several factors, including the diameter 
of the wave guide, and to give the best 
efficiency it is varied along the length 
of each section of the wave guide, as 
will be seen shortly. 

9.131. Electrons to be accelerated 
in an iris-loaded wave guide are in- 
jected with an energy of about 80 keV, 
produced by passage through an elec- 
tric field. These electrons must enter 


* SLAC is an acronym for Stanford Linear Accelerator Center. 
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' the system at the correct phase, near 


a maximum, of the traveling electro- 
magnetic wave. But since the source 
produces the electrons over a time 
interval, only a small proportion will 
be in phase with the wave. Conse- 
quently, before entering the wave 
guide, the electrons are passed through 
a section of the linac called a buncher; 
here the radio-frequency field is used 
to group the electrons about the cor- 
rect phase. An interesting aspect of 
electron linacs is that the particle beam 
has little tendency to spread while the 
energy is increasing; consequently, 
little or no focusing is required after 
the electrons have entered the accel- 
erator section of the machine. This is 
a result of the high velocities, approach- 
ing that of light, of electrons even of 
moderate energies. 

9.132. The radio-frequency power 
for accelerating the electrons is com- 
monly provided by klystron tubes at 
regular intervals along the length of 
the wave guide. The maximum energy 
attainable, from electromagnetic waves 
of a given frequency, is proportional 
to the square root of the length of the 
accelerator and of the power supplied. 
The Stanford Mark III machine, pro- 
ducing electrons of about 1.2 GeV, has 
a length of 900 feet and an ayerage 
power consumption of about 120 mil- 
lion watts; to achieve an energy of 20 
GeV, in the latest model, the length 
of the accelerator is 10,000 feet and 
the peak power is over 5000 million 
watts, in very short pulses. One advan- 
tage of an electron linac is that the 
particle energy can be varied by adjust- 
ing the radio-frequency power supply, 
e.g., by changing either the output per 
klystron or the number actually pro- 
viding power. 

9.133. An important drawback of 
the wave-guide accelerator is that 


large amounts of power are required; 
much of this is dissipated in the walls 
which become very hot. Consequently, 
the machine is operated in very short 
pulses, one or two microseconds long, 
with appreciable intervals between 
pulses. The duty cycle (or duty factor), 
which is the fraction (or percentage) 
of time during which the linac can be 
operated, is thus quite small, especially 
in electron accelerators (see, however, 
§ 9.148). 

9.134. In concluding this section on 
electron linacs, an outline will be given 
of the main features of the almost two- 
mile (10,000-feet) long machine at 
SLAC, completed in 1966 (Fig. 9.21). 
It consists of 960 sections of copper 
tubing, each 10 feet long and 4 inches 
external diameter, aligned with great 
precision to form a continuous iris- 
loaded wave guide. Four of these sec- 
tions constitute a 40-foot module, and 
with each of the 240 modules is asso- 
ciated a klystron tube which operates 
at from 6 to 24 million watts (mega- 
watts) These 240 klystrons provide 
the radio-frequency power, at a fre- 
quency of 2856 megacycles per sec, 
ie, a wave length of 10.5 cm (4.17 
inches), to accelerate the electrons. 
Except for the low-energy end of the 
linac, where the electron velocity is 
significantly less than that of light, 
all the 10-foot sections are identical. 
The iris disks, 0.23 inch thick, are 
spaced at 1.39 inches between centers, 
making 86 cavities per section. The 
internal diameter of the wave guide 
decreases from about 3.3 to 3.25 inches 
along each section, and the size of the 
holes in the disks decreases correspond- 
ingly from about 1.05 to 0.75 inch. 
This design, referred to as a constant- 
gradient system, is more efficient than 
the constant impedance, i.e., constant 
wave-guide diameter and hole size, 
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ized in the earlier models of the elec- 
tron linac.* 

9.135. In operating the accelerator, 
the radio-frequeney power is applied 
and a period of 0.83 microsecond is 
allowed for the accelerating field to 
build up; this is called the filling time. 
A pulse of electrons is then admitted 
at an energy of 80 keV, ie, with a 


Fia. 9.21. 


The two-mile long 
the electron beam i 


contained 
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ACCELERATION OF Positrons 


9.136. The acceleration of positrons 
is of particular interest in connection 
with devices in which beams of high- 
energy electrons and ‘positrons col- 
lide (§ 9.164). For this purpose, posi- 
trons can be produced by allowing 
high-energy electrons to impinge on a 


electron linac at the Stanford Linear Accelerator Center; 
in the horizontal white pipe that runs from one end to 


the other at about shoulder level. The wide aluminum pipe at the bottom is part of the 
Support structure. (Stanford University)” 


velocity about half that of light. The 
pulse duration is 2.5 microseconds, 
with up to 360 pulses per sec; the 
duty factor is thus only about 0.1 per- 
cent. With 240 klystrons in Operation, 
the maximum electron energy is 20 
GeV. It is planned eventually to in- 
Crease the number of klystrons to 960, 
ie. one for each 10-foot section; the 
electron energy should then be 40 Gey. 


in 


material of high atomic number, e.g., 
tantalum, called a radiator. The accel- 
erated electrons are deflected by the 
nuclei of the radiator and generate 
bremsstrahlung, in the usual way 
($4.75). The bremsstrahlung then 
interact... with- -the radiator atoms 
to produce electron-positron pairs 
(§ 8.89). The electrons and positrons 


can then be separated in a convenient: 


^ Te Mark IIT accelerator was changed from constant impedance to constant gradient 
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way. A striking feature of the elec- 
tron linac is its capability of producing 
accelerated positrons in a relatively 
simple manner. The radiator is located 
about midway along the accelerator 
and at this point the electron-positron 
pairs are formed. In the portion of the 
linac following the radiator, the phase 
of the radio-frequency power is shifted 
through 180°, so that it will accelerate 
positrons but not. electrons. Thus, a 
beam of accelerated positrons is ob- 
tained at the end of the linac. The 
intensity is, of course, considerably 
smaller than it would be of electrons 
accelerated in the normal way. 


PnoroN LINEAR ACCELERATORS 


9.137. The velocity of a proton at 
an energy of 750-keV, a common injec- 
tion value, is only 0.04 times the veloc- 
ity of light, and the latter velocity is 
not approached until an energy of 
about 3 GeV is attained. It is evident, 
therefore, that in a loaded wave-guide 
for accelerating protons the effective 
phase velocity, and the disk spacing, 
would have to change continuously 
along the length of the linae. Apart 
from this complication in design, the 
transfer of energy from a traveling 
electromagnetic wave to a charged par- 
ticle becomes very inefficient at low 
phase velocities, such as would inev- 
itably be required in a proton accel- 
erator. An alternative form of linac, 
suitable for protons, was proposed by 
L. W. Alvarez (§ 9.21) in 1946 and a 
32-MeV machine was constructed at 
Berkeley soon afterwards. It bears a 
superficial resemblance to the Wideróe 
accelerator, but operates on a different 
principle. 

9.138. The Alvarez linac is a stand- 
ing-wave cavity resonator in which the 
electric field is directed along the axis, 
pointing one way for the first half-cycle 


and the other way for the second half- 
cycle of each oscillation of the radio- 
frequency field. Metal cylinders, called 
drift tubes, separated by short gaps, 
are supported along the axis of the 
cavity, and the accelerated proton 
beam passes through them (Fig. 9.22). 


CHARGED 
PARTICLES 


CAVITY 


Fic. 9.22. Schematic drawing of the 
Alvarez-type linear (resonant cavity) ac- 
celerator. 


The length of each drift tube is such 
that it always takes a proton the dura- 
tion of a complete cycle of the alter- 
nating field to travel along a drift tube 
and the preceding gap. If this distance 
is represented by l, and v is the velocity 
of the proton in the particular drift 
tube, then / is equal to v/f, where f is 
the frequency of the radio-frequency 
waves.* Since the velocity of the pro- 
ton is continuously increasing as it is 
accelerated, whereas the frequency 
remains constant, the lengths of suc- 
cessive drift tubes must be increased 
to equal v/f at each stage. 

9.139. The actual phase velocity of 
the electromagnetic wave in the cavity 
resonator is essentially infinite, but the 
introduction of drift tubes of appro- 
priate length makes it appear to the 
proton that the effective phase velocity 
is always equal to its own velocity. As 
stated in § 9.122, this is the general 
condition for the operation of a linear 
accelerator. Suppose a proton enters 
the first gap, at the left in Fig. 9.22, 
at such a phase that the oscillating 
electric field is increasing; the proton 
will then be accelerated toward the 
adjacent drift tube. While in this tube 


* In the Widerde accelerator, the corresponding length is v/2f (§ 9.27, footnote). 
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it will be shielded from the electric 
field and so it will travel (or drift) 
with a constant velocity. 

9.140. The transit time, along gap 
and drift tube, is equal fo the duration 
of a complete cycle; hence, when the 
proton emerges from the drift tube 
into the next gap, it will find the elec- 
tric field at exactly the same phase as 
it did when it entered the first gap.* 
In other words, to the proton, which 
is the observer in the definition in 
§ 9.117, the effective phase velocity is 
always equal to its own velocity. Hence, 
the proton will gain energy from the 
electromagnetic wave; however, the 

_ increase is in steps rather than contin- 
uous as in the loaded wave-guide accel- 
erator. 

9.141. The oscillator frequency for 
the first Alvarez (or drift-tube) linac 
was about 200 megacycles per sec, 
largely because the most suitable power 
source available operated at this fre- 
quency. It appeared, in due course, 
that the frequency was almost op- 
timum for the acceleration of protons 
up to energies of around 200 MeV. 
The wave length corresponding to 200 
-megacycles per sec is 1.5 meters; hence, 
the diameter of the resonant cavity, 
in the absence of drift tubes and 
assuming a circular cross section, 
would be a little more than a meter 
(39 inches).} This is a convenient size 
to permit insertion and support of the 
drift tubes. Furthermore, the lengths 
of the drift tubes, which depend on 
the frequency of the radio-frequency 
waves, are also reasonable. 

9.142. Because the drift tubes dis- 
tort the ideal electromagnetic field, the 
actual diameter of the cavity is affected 
by the dimensions, i.e., external diam- 
eter and length, of the tubes and the 


Sourcebook on Atomic Energy 


Chap. 9 


gaps between them. Since the fre- 
quency of the oscillations is constant, 
these parameters, which are not in- 
dependent, must be chosen properly 
for the electric field to remain parallel 
to the axis along the whole length of 
the cavity. In modern Alvarez linacs, 
the diameter of the drift tube is kept 
constant for as many stages as pos- 
sible and the ratio of the gap length 
to the length of the drift tube is varied 
up to a certain point. When this limit 
is reached, the drift tube diameter is 
changed, and so on. It may be men- 


tioned that the drift tubes are gen- . ' 


erally not exactly cylindrical; they 
have rounded ends to decrease the 
possibility of electrical discharges, i.e., 
sparks, passing between them (Fig. 
9.23). 

9.143. As is the case with electrons 
in a loaded wave-guide accelerator, the 
protons to be injected into a linac must 
first be bunched, so that they enter at 
about the same phase of the radio- 
frequency wave. On the other hand, 
focusing, which is of negligible signif- 
icance in an electron accelerator, is & 
major problem in an Alvarez proton 
linac, because of the smaller velocities. 
The earliest method for achieving fo- 
cusing was to place a thin disk of 
beryllium over the entrance to each 
drift tube, but the disks soon evap- . 
orated. Subsequently, grids made of 
thin crossed strips of tungsten were 
employed in several proton acceler- 
ators. The more recent machines have 
focusing magnets, in something like 
an alternating-gradient arrangement, 
within the drift tubes. 

9.144, There are several reasons 
why protons should be injected into & 
linear accelerator at moderately high 
energies. One is that it avoids installa- 


* A drift-tube accelerator has the advantage of phase stability (§ 9.48) and so the timing 


rus particles does not have to be exact. 


The first Alvarez linac was twelve-sided because it was simpler to fabricate than a cylinder. 


The Acceleration. of Charged Particles 


tion of several very short drift tubes 
in the early stages and another is that 
it simplifies the focusing problems. 
Chiefly for the latter reason, the ions 
in the first Berkeley proton linac were 
injected at 4-MeV energy obtained 
from a Van de Graaff electrostatic 
generator. In later models, the injec- 
tion energy was decreased and is now 
commonly 500 to 700 keV, usually 
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The cavity contains 124 drift tubes 
ranging in length from 1.93 to 13.96 
inches; the corresponding outer diam- 
eters of the tubes are from 8.16 to 5.80 
inches, and the hole diameters from 
0.5 to 1.25 inches. The ratio of gap 
length to the length of a gap plus drift 
tube increases from 0.231 to 0.2508. 
Focusing of the proton beamis achieved 
by magnets within the drift tubes. 


Fig. 9.23. Interior of an Alvarez linac showing drift tubes. (Lawrence Radiation Labora- 
tory, University of California) 


provided by a Cockeroft-Walton accel- 
erator. 

9.145. Linear accelerators for pro- 
tons are widely employed as injectors 
for modern high-energy synchrotrons 
of various types. The main reason is 
that the linac produces narrow parallel, 
i.e., collimated, beams of protons par- 
ticularly suitable for acceptance by a 
synchrotron. The 50-MeV proton linac 
injectors for the Argonne ZGS and the 
Brookhaven AGS are cylindrical cav- 
ities 110 feet long and about 37 inches 
in diameter made of copper-clad steel, 


Radio-frequency power, at 200 mega- 
cycles per sec, is supplied at intervals 
along the cavity. 

9.146. The 750-keV protons from 
a Cockcroft-Walton machine are 
bunched before they enter the linac, 
and they leave as a similar bunch with 
an energy of 50 MeV. For injection 
into a synchrotron, it is desirable that 
the protons be spread out over à period 
of time; this debunching is done in a 
section of the linac in which the bunch- 
ing action is reversed. The injector op- 
erates in pulses, as do all linear accel- 
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erators, the duration and frequency 
being determined by the particular 
synchrotron which it feeds, 

9.147. As far as is known, the highest 
energy from an, Alvarez proton linac 
built or under construction in 1967 is 
about 70 MeV, but several laboratories 
in the United States, in England, and 
elsewhere have prepared designs for 
larger proton linear accelerators. Those 
closest to realization are probably the 
200-MeV machines to serve as injectors 
for the Brookhaven AGS and the 
Argonne ZGS, and a similar device 
which will generate 100-MeV protons 
as the first stage in a meson-produc- 
tion facility at Los Alamos Scientific 
Laboratory. 

9.148. As the energy of the proton 
increases, the efficiency with which the 
radio-frequency power is utilized de- 
creases, and at energies in excess of 
about 100 MeV it is preferable (and 
possible) to use a loaded wave-guide 
structure operating at a higher radio- 
frequency than in a drift-tube system, 
eg., 800 to 1200 megacycles per sec. 
Magnetic focusing of the proton beam 
is necessary because the particle veloc- 
ity is not as high as it is in an electron 
accelerator at the same energy. Exper- 
imental and design work for a linear 
Proton accelerator of this type is being 
done at Los Alamos for energies up to 
800 MeV. Considerations of electro- 
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magnetic field stability and the fact 
that the proton velocity cannot be 
regarded as constant, as it is over 
most of an electron linac, have led to 
the choice of a standing-wave rather 
than a traveling-wave mode of opera- 
tion. The wave guide is loaded in order 
to divide it into a large number of 
cavities, but the coupling between ad- 
jacent cavities is considerably more 
complicated than the simple iris disks 
used in a traveling-wave electron ac- 
celerator. An important aspect of the 
wave-guide structure is its high effi- 
ciency which will make possible a duty 
factor of up to 12 percent. 

9.149. Tt may be mentioned in this 
connection that, although protons can 
be accelerated to high energies by a 
loaded wave-guide system, Alvarez 
(drift-tube) accelerators cannot in 
practice be adapted to electrons. If 
the optimum frequency of 3000 mega- 
cycles per sec for electrons were used 
to provide the radio-frequency power, 
the cavity would be so narrow that it 
could not accommodate the drift 
tubes. On the other hand, if a lower 
frequency were employed, not only 
would the radio-frequency power be 
utilized much less efficiently, but the 
high-velocity of the electrons combined 
with the relatively low frequency 
would require impossibly long drift 
tubes (§ 9.138). j 


THE ACCELERATION OF HEAVY IONS 


CvcLoTRoNs ror Heavy Ions 


9.150. The various accelerators de- 
scribed above, with the exception of 
the Widerée machine, have been uti- 
lized mainly for the lightest particles, 
such as ions of the isotopes of hydro- 
gen and helium, and electrons. The 
ions have charges of one and two 
units, respectively, and are easy to 


produce in an electrical discharge. The 
reactions of high-energy ions (or nu- 
clei) of heavier atoms, e.g., lithium, 
boron, carbon, oxygen, nitrogen, neon, 
argon, etc., are of great interest for 
several reasons (§ 10.89 et seg.), but 
the production of these particles has 
involved some problems. The accel- 
eration of carbon (C**) ions to about 
50-MeV energy, by means of the 37- 


e — 


D. 
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inch (fixed-frequency) cyclotron at 


the University of California, Berkeley, 
was reported briefly by L. W. Alvarez 
in 1940. Soon afterwards, carbon ions 
of higher energies, up to about 120 
MeV, were obtained with the 60-inch 
cyciotron at Berkeley. It was not 
until the early 1950s, however, that 
the acceleration of heavy partieles by 
the cyclotron began to attract interest 
in the United States, in England, and 
in Sweden; later, important work was 
done in the U.S.S.R. 

9.151. It can be seen from equation 
(9.3) that, provided the oscillation fre- 
quency is properly adjusted, the en- 
ergy that can be acquired in a cyclo- 
tron by a charged particle of given 
mass, for a certain magnetic field 
strength, increases with the charge on 
the particle. To accelerate heavy par- 
ticles, it is desirable, therefore, to ob- 
tain highly charged ions, i.e., atoms 
which have been stripped of all (or 
nearly all) of their electrons. This is 
difficult to do directly, but advantage 
has been taken of the cyclotron effect 
to produce such ions in certain cases. 
For example, if the cyclotron frequency 
is adjusted for N** ions, it is possible 
to accelerate N+? ions to a lower en- 
ergy, by what is called the “third 
harmonie” method, in which the rev- 
olution frequency is one third of the 
actual cyclotron frequency (cf. § 9.79). 
The accelerated N+? ions then collide 
with other nitrogen ions (or atoms) in 
the cyclotron tank, with the result 
that some N+ ions are produced. The 
acceleration of these ions in the cyclo- 
tron can then lead to high energies. 

9.152. The drawback io the har- 
monic method for accelerating heavy 
ions is that the final beam current is 
very weak and the energy divergence 
is large. Although such ion currents 
are useful for some purposes, there are 
experiments for which more intense 


beams are desirable. One approach is 
to obtain a relatively strong source of 
particular ions, not necessarily those 
with the maximum charge, and then 
to adjust the frequency to accelerate 
these ions to a given energy. For ex- 
ample, the 63-inch cyclotron at Oak 
Ridge National Laboratory was de- 
signed to accelerate N** ions to 25- 
MeV energy. This and other cyclotrons 
have been used to obtain high-energy 
ions of most elements from lithium 
through neon, and also of argon. / 

9.153. Instead of adapting the fre- 
quency to the ions being accelerated, 
it is much simpler to vary the magnetic 
field while maintaining the frequency 
constant. It was seen in § 9.57 that 
the azimuthally-varying field cyclo- 
tron has the great advantage of retain- 
ing the proper magnetic field shape at 
different field strengths. Machines of 
this type are therefore particularly 
adapted to the acceleration of heavy 
ions, and have been utilized for that 
purpose. 


LINEAR ACCELERATORS FOR 
Heavy Ions 


9.154. Linear accelerators of the 
Alvarez (drift-tube) type appear to 
have certain advantages for the accel- 
eration of heavy ions, especially in 
providing more intense particle beams 
than are possible with a cyclotron. The 
pulsed operation of the former, how- 
ever, tends to offset this to some ex- 
tent. The beam from a linac is well 
collimated and the ions have a fairly 
uniform energy. Ions of different ratios 
of charge to mass (e/m) can be accel- 
erated by changing the radio-frequency 
power, whereas in a cyclotron either 
the frequency of the oscillations or the 
strength of the magnetic field must be 
changed. On the other hand, the power 
consumption for a heavy-ion linear ac- 
celerator (or hilac) is large, and so also 
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are its dimensions compared with those 
of a cyclotron. 

9.155. The first hilac was designed 
jointly by scientists from the Univer- 
sity of California, Berkeley, and Yale 
University in the mid-1950s, and sim- 
ilar machines were constructed at both 
of these institutions. Subsequently, 
heavy-ion linacs of somewhat different 
design, but based on the same (drift- 
tube) principle, were built at Man- 
chester, England, and at Kharkov, in 
the U.S.S.R. The following descrip- 
tion of the Berkeley hilae will provide 
some indication of the general char- 
acteristics of these accelerators. 

9.156. Ions of carbon (with two 
charges) or of nitrogen, oxygen, or 
neon (with three charges), produced 
in a special source by means of an elec- 
trical discharge, have their energies 
increased to about 500 keV in a Cock- 
eroft-Walton accelerator. They then 
enter the first stage of the hilac, which 
is a cylindrical tank of copper-clad 
steel 10 feet in diameter and 15 feet 
long containing 87 drift tubes. Here 
the ions are accelerated to about 1 
MeV energy per nucleon, i.e., 12 MeV 
for a carbon ion, using radio-frequency 
power at 70 megacycles per sec. Focus- 
ing of the ions is achieved by means 
of grids placed over the front ends of 
the drift tubes. The ions then pass 
through a stripper, where two or three 
additional electrons are removed; at 
one time, a jet of mercury vapor 
served as the stripper, but a thin layer 
of a solid, such as carbon or, better, 
beryllium oxide, is more convenient. 
Removal of the electrons increases the 
number of positive charges on the ions 
correspondingly and, as a result, there 
is an increase in the amount of energy 
gained per gap between the drift tubes 
in the second stage of the accelerator. 
The latter has a diameter of 9 feet, a 


` length of 90 feet, and contains 67 drift 
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tubes. In this section, radio-frequency 
power is supplied at the same fre- 
quency as in the first section, but 
magnets in the drift tubes now provide 
focusing of the ion beam. 

9.157. The particles emerge from 
the hilae with a maximum energy of 
about 10 MeV per nucleon, i.e., 120 
MeV for a carbon-12 ion and 220 MeV 
for & neon-22 ion. The energy per nu- 
cleon is about the same for all existing 
heavy-particle linear accelerators. It 
appears possible, in principle, to in- 
crease the energy to 20 or 30 MeV per 
nucleon, but the machine would prob- 
ably be too long and the radio-fre- 


quency power consumption too large. 


to be practical. Ions as heavy as argon 
have been accelerated in hilacs, al- 
though the beam intensity at energies 
of 10 MeV per nucleon is low because 
of the difficulty of obtaining highly 
stripped ions. 

Heavy ION ÁCCELERATION BY THE 

ELECTROSTATIC ACCELERATOR 
9.158. Although the Van de Graaff 


&ccelerator was originally intended for 
the lighter ions, it has become appar- 


ent since about 1960 that the tandem | 


modification (§ 9.21) can be readily 


adapted to the acceleration of heavier : 


ions. In fact, any atom which can be 
obtained as a negative ion, including 
chlorine (atomic number 17), bromine 
(35), iodine (53), uranium (92), and 
many others, can be accelerated in the 
tandem machine. The operation is sim- 
ilar to that described in § 9.23; neg- 
atively charged particles enter at the 
left end of the accelerator and after 
some increase in energy are conve 

into positive ions, by removal of elec- 
trons, in the stripping canal. The pos- 
itive ions are then accelerated in the 
normal manner in the Van de Graaff 
section at the right of Fig. 9.3. Some 
Stripping of electrons also occurs in this 
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section by collision of the ions with 
_ atoms of residual gas. The energy at- 

tainable depends on the number of 
electrons removed, i.e, the positive 
charge on the ions, but it is usually 
less, especially for the heavier ions, 
than the 10 MeV per nucleon possible 
in a cyclotron or linac. It has been 
suggested that the positive ions pro- 
duced in the tandem electrostatic ac- 
celerator could be further accelerated 
in a cyclotron. 


THE OMNITRON 


9.159. The Omnitron (Latin omnis, 
all) is a proposed device, under devel- 
opment at the Lawrence Radiation 
Laboratory, Berkeley, for producing 
relatively strong beams of accelerated 
ions of all masses, from hydrogen 
(protons) to uranium and beyond. The 
design involves an alternating-gradient 
synchrotron, nearly 120 feet in diam- 
eter, surrounded by a storage ring 
which also has a series of alternating-. 
gradient magnets. The synchrotron 
would have four radio-frequency cav- 
ity accelerators spaced equally between 
the magnets around the ring. For prac- 
tical convenience, the frequency range 
of each cavity would be in two parts, 
from 1.4 to 6.8 and from 6.8 to 33: 
megacycles per see. According to equa- 
tion (9.4) the frequency of traversal of 
the synchrotron ring by charged ions 
is proportional to €/m, where e is the 
number of charges on the ion of mass 
m. In order to be capable of accel- 
erating ions with e/m values over the 
expected range from 1 (for protons) to 


" PLU 2 
* 


337 


0.05 (for uranium, i.e., U*?), using the 
same radio-frequency oscillators, the 
harmonic number (§ 9.79) will be in- 
ereased from 12 to 104 às e/m decreases. 

9.160. The operation of the Om- 
nitron would be somewhat as follows. 
The positive ions from a conventional 
source are first accelerated in a Cock- 
eroft-Walton machine to an energy of 
2.5e MeV. These are irijected into thé 
alternating-gradient synchrotron at 
the magnetic field minimum and are 
accelerated in the normal manner by 
inéreasing the magnetic field and the 
frequency of the oscillator supplying 
power to the cavities. When the mag- 
netic field (and particle energy) reaches 
the maximum, a "kicker" magnet de- 
fleets the accelerated particles into the 
storage ring. Here they circulate under 
a constant (alternating-gradient) niag- 
netic field from which they can be with- 
drawn for experimental purposes. If 
ions of higher energy are required, the 
particles in the storage ring are de- 
flectéd back into the synchrotron ring, 
by way of a stripper, at the time when 
the magnetic field of the accelerator is 
at its minimum. The highly stripped 
ions are then accelerated further in the 
next half-cycle of the synchrotron. The 
high-energy particles are again de- 
flected into the storage ring from which 
they can be withdrawn. The peak en- 
ergies are expected to be as high as 
500 MeV per nucleon for moderately 
heavy elements up to argon (e/m = 0.5) 
decreasing to 300 MeV per nucleon 
for uranium (e/m = 0.39). The beam 
intensities may reach as much as 10? 
particles per sec. 


GENERAL ACCELERATOR DEVELOPMENTS 


CoLLIDING BEAMS AND 
SroraGE RINGS 


9.161. It was stated in $9.5 that 
the Berkeley 6.2-GeV synchrotron was 


designed to produce protons of suffi- ; 


cient energy to create proton-antipro- 
ton and neutron-antineutron pairs by 
the conversion of energy into mass (or 
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matter). Since the mass of a proton (or 
a neutron) is about 1 atomic mass unit, 
the total amount of energy equivalent 
to such a particle-antiparticle pair 
should be approximately 2 X 931 MeV, 
i.e., roughly 1.9 GeV (§ 3.82). The rea- 
son why at least 5.6 GeV is necessary 
is that the remaining energy is needed 
for the conservation of momentum, an 
essential requirement in all particle 
interactions. Calculations show that 
the proportion of the so-called avail- 
able energy* decreases rapidly with 
increasing energy of the accelerated 


protons, For the 33-GeV protons from. 


the Brookhaven AGS, for example, 
only a little over 6.1 GeV is useful in 
a collision with an essentially station- 
ary proton target. In a similar inter- 
action, protons from the proposed 200- 
GeV synchrotron (§ 9.94) would have 
only 17.5 GeV available energy, and 
for 1000-GeV protons the correspond- 
ing energy would be 49.3 GeV. 

9.162. This wasteful situation could 
be remedied by bringing about colli- 
sions between energetic particles trav- 
eling in opposite directions. For exam- 
ple, two beams from a 33-GeV accel- 
erator meeting head on would yield 66 
GeV available energy per collision; 
this is much more than could be ob- 
tained in the ordinary way from a 
1000-GeV proton machine. Unfor- 
tunately, the density of particles in an 
accelerated beam is quite low and the 
probability of collisions in such beams 
is very small. A means of overcoming 
this drawback, which is being studied 
in several countries, is to make use of 
storage rings. These are essentially 
doughnut tubes surrounded by mag- 
nets to provide a field of sufficient 
strength to keep energetic particles 
circulating at constant radius for an 
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appreciable time. A number of pulses 
from an accelerator are injected into 
the storage ring until a large density 
is built up; this procedure is called 
beam stacking. If the particles are elec- 
trons (or positrons) they will lose some 
energy as radiation while circulating in 
the storage ring, and then sufficient 
radio-frequency power is supplied to 
make up this energy loss. Collisions 
between particles traveling in opposite 
directions can be brought about in 
various ways, as described below. 
9.163. Four types of particle colli- 
sions are being studied by means of 
storage rings; they are between elec- 
trons and electrons, electrons and pos- 
itrons, protons and protons, and pro- 
tons and antiprotons. In 1959, con- 
struction was started at Stanford of a 
pair of electron storage rings, as a joint 
program of Princeton and Stanford ~ 
Universities. The project encountered 
more difficulties than were anticipated 
and it was not until early 1964 that 
definite evidence was obtained for elec- 
tron-electron collisions. The experi- 
mental arrangement consists of two 
adjacent rings, as shown in Fig. 9.24. 


ELECTRON COLLISION 
REGION 


x 
FROM ELECTRON 
ACCELERATOR 


Fie. 9.24. Adjacent storage rings for 
electron-electron collisions. 


* It is more properly called the center-of-mass energy, which is the energy of a system of 
colliding particles apart from the energy f motion of the system as a whale with reference to 


its surroundings. 
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Several pulses of high-energy (0.56 
MeV) electrons are injected into the 
rings so that the particles circulate in 
the same direction. Head-on collisions 
between electrons then occur in the 
straight section shared in common by 
the two rings. Similar two-ring systems 
for electrons have been constructed at 
Kharkov and Novosibirsk in the 
U.S.S.R. 

9.164. The study of electron-posi- 
tron collisions is in some respects sim- 
pler than between electrons because 
electron and positron beams will cir- 
culate in opposite directions in the 
same magnetic field. Consequently, a 
single storage ring can be used instead 
of two. Collisions between electrons 
and positrons are of special interest 
since, with sufficient energy available, 
the annihilation reaction can lead to 
the production of various other par- 
ticle-antiparticle pairs. A small exper- 
imental electron-positron storage ring, 
designated AdA, from the Italian 
annelli d'accumulazione, meaning ac- 
cumulation (or storage) rings, was 
started in 1960 by the physicists at the 
National Laboratory, Frascati, Italy. 
The equipment was taken to Orsay, 
France, in 1962 for tests with the elec- 
tron linac at that location. At the end 
of 1963, a month or two before electron- 
electron collisions were observed by 
the Princeton-Stanford group, the first 
collisions between, electrons and pos- 
itrons were recorded. Subsequently, a 
larger storage ring of the same type, 
called Adone, implying a more pow- 
erful AdA, was constructed at Frascati 
for studying collisions between 1.5- 
GeV positrons and electrons. Other 
positron-electron storage rings have 
been built (or designed) by MURA 
($ 9.113) and at Stanford, Orsay, 
Novosibirsk, and Hamburg. In addi- 
tion, the CEA (§ 9.107) is being mod- 
ified so that electron-positron collisions 


339 
can occur within the ring of the syn- 
chrotron itself. 

9,165. The collisions of two beams 
of protons is. being investigated at 
CERN by circulating the particles in 
opposite directions in a single storage 
ring. In order to make this possible, 
two separate arrangements of magnets 
are used; one set guides the protons 
traveling in one direction and the other 
is for the protons circulating in the 
other direction. The magnetic fields 
cause the protons to travel in orbits 
that are concentric but not quite cir- 
cular. The paths are distorted, in op- 
posite senses by the two sets of mag- 
nets, to form a series of scallops that 
intersect in eight places at an angle of 
15 degrees (Fig. 9.25). The high-energy 


COLLISION 
REGIONS 
FROM PROTON 
SYNCHROTRON 


Fic. 9.25. Schematic representation of 
the CERN intersecting storage rings for 
proton-proton collisions. 


protons are injected into the storage 
ring, which has a diameter of about 
1000 feet, and are stacked with one of 
the sets of magnets in operation. After 
a large ion current has been built up 
by some 400 pulses from the synchro- 
tron, the protons are injected in the 
opposite direction with the other set 
of magnets energized. Because the 
beams make an angle, although a small 
one with each other, the average en- 
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ergy available per collision is some- 
what less than for a head-on collision. 
On the other hand, collisions will occur 
at eight locations instead of one (or 
possibly two) in a two-ring system. 
Operation of the ISR (Intersecting 
Storage Rings) at CERN is expected 
about 1971. 

9.166. The most advanced storage 
ring concept is one under construction 
at the Nuclear Physics Institute at 
Novosibirsk. It is planned to use a 
single ring to bring about collisions be- 
tween beams of protons and antipro- 
tons circulating in opposite directions. 
A pulse of 25-GeV protons will strike 
a target and produce antiprotons which 
will be stored in a subsidiary ring. The 
process will be repeated a thousand 
times until 10'° antiprotons are pres- 
ent. At this stage the particles will be 
returned to the accelerator ring where 
they will collide with high-energy pro- 
tons traveling in the opposite direc- 
tion. As in the case of electron-positron 
annihilation, the production of several 
different types of particle-antiparticle 
pairs should be possible. 

9.167. The colliding-beam concept 
is attractive but it has some drawbacks. 
Interactions for the present, at least, 
are restricted in practice, although not 
in principle, to similar particles, either 
with the same charge or with opposite 
charges. Furthermore, the locations of 


the collision regions within the storage | 


rings are not the most convenient for 
the study of interactions. In normal 
accelerator operation, the beam of 
high-energy particles can be extracted 
from the machine by deflecting mag- 
nets at suitable places where any 
desired interactions can be observed. 
9.168. Another consideration is that 
storage-ring systems cannot provide 
useful beams of highly energetic sec- 
ondary particles, such as various 
mesons, muons, neutrinos, ete. Even 
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at best, the number of collisions would 
be less than for an accelerator beam 
striking a stationary target. In addi- 
tion, the energy of the secondary par- 
ticles cannot exceed that available in 
the collision, whereas in the conven- 
tional system the large amount of 
"wasted" energy is actually carried by 
the secondary particles. Although they 
may prove to be a useful tool for some 
experiments, only the most enthusias- 
tie exponents of storage rings would 
consider them to be a substitute for 
accelerators capable of producing in- 
tense beams of both primary and sec- 
ondary particles of high energy. 


SuPERCoNDUCTING RADIO- 
FREQUENCY CAVITIES 


9.169. In accelerators utilizing ra- 
dio-frequency cavities for increasing 
the energy of the charged particles, 
e.g., in various synchrotrons, and also 
in linear, wave-guide accelerators, 
much of the power supplied is wasted 
as heat in the walls of the cavity. As 
a result, the pulse duration and rep- 
etition rate are both limited; that is 
to say, the duty factor is small. A pos- 
sible solution to this problem would 
be to operate the cavities at very low 
temperatures where the metal walls 
become superconducting for direct 
current (§ 7.109). Although the metal 
would not be strictly superconducting 
for the radio-frequency currents, the 
resistance to such currents would 
nevertheless be very low and the en- 
ergy lost in heating the walls would 
be greatly decreased. Not only would 
it be possible in this manner to increase 
the duty factor, but there would also 
be an increase in the proportion of the 
radio-frequency power utilized to ac- 
celerate the charged particles. A given 
accelerator would thus be capable of 
producing particles of higher energy 
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than is now feasible with conventional 
radio-frequency cavities. 

9.170. Studies of the possible use of 
superconducting radio-frequency ac- 
celerating cavities, initiated at Cam- 
bridge University, England, have been 
greatly extended at Stanford Univer- 
sity. Physicists from the latter institu- 
tion reported toward the end of 1965 
the successful acceleration of electrons 
in a superconducting cavity operating 
at a frequency of 2856 megacycles per 
sec. A cavity made of copper was lined 
internally with lead and cooled to a 
temperature of 1.8°K, i.e., —271.3°C 
(§ 3.27 footnote), in liquid helium. The 
lead becomes superconducting at tem- 
peratures below 7°K, ie, about 


—266°C. In the first tests the accel- 
erating cavity was only 4 inches long, 
but by early 1967 the length had been 
extended to 5 feet. It is of interest that, 
under superconducting conditions, the 
losses decrease as the frequency of the 
radio-frequency oscillations decreases, 
whereas the opposite is true at normal 
temperatures. It might thus prove 
advantageous to supply the power at 
lower frequencies where it is easier to 
generate. Although the problem of 
maintaining the required low temper- 
atures in an operating accelerator are 
formidable, at least the first step has 
been taken in what may become a 
very significant development in the 
production of high-energy particles. 
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Chapter 10 


GENERAL INTRODUCTION 


Tue TRANSMUTATION OF ELEMENTS 


10.1. It was mentioned in Chapter 1 
that the Aristotelian theory, which re- 
garded all matter as consisting of the 
same primordial substance associated 
with varying amounts of four qualities 
or principles, was probably responsible 
for the prolonged, but vain, efforts of 
the ancient alchemists to change base 
metals into gold. With the growth of 
the concepts of the individuality of the 
elements and of the indestructibility 
of the atom, it was natural that at- 
tempts to bring about the transmuta- 
tion of metals should fall into disre- 
pute. Only those completely ignorant 
of science, and sufficiently gullible to be 
attracted by the possibility of the easy 
acquisition of riches, fell victim to the 
wiles of charlatans claiming the ability 
to convert base metals into gold. 

10.2. With the development of mod- 
ern ideas concerning the structure of 
the atom, and the realization that all 
matter was made up of the same 
fundamental units, the possibility of 
transmutation, previously regarded as 
fantastic, was given serious considera- 
tion. In fact several reports—some of 
them from scientists of considerable 
Tepute—of success in changing or dis- 
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integrating various elements were pub- 
lished in scientific journals in Europe 
and in America. Except for the results 
to be described shortly, all were subse- 
quently proved to be unfounded, but 
one is worthy of special mention be- 
cause of its apparently convincing na- 
ture. It was claimed that the passage 
of a high-tension electrical discharge 
through mercury vapor, atomic num- 
ber 80, produced small amounts of 
gold, atomic number 79. The original 
mercury was apparently completely 
free of gold, yet sensitive tests definitely 
showed the presence of traces of the 
precious metal, following the electrical 
treatment. After considerable contro- 
versy among the proponents and op- 
ponents of this plausible claim, it was 
ultimately proved that the gold was 
not being created but merely concen- 
trated from the various materials used. 
Much of it, in fact, came from the 
gold-framed eyeglasses of one of the 
observers! 

10.3. It was E. Rutherford, the orig- 
inator of the nuclear theory of the 
atom, who achieved the first deliber- 
ate, artificial transmutation of one 
atom into another. Although he did not 
convert a base metal into gold, his 
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discovery was just as important to 
nuclear science. 


TRANSMUTATION OF NITROGEN 
BY ALPHA PARTICLES 


10.4. While working in Rutherford’s 
laboratory, in Manchester, England, 
on the scattering of alpha particles, as 
described in § 4.7 et seq., E. Marsden 
noted, in 1914, that when the alpha par- 
ticles from radium C’ passed through 
hydrogen gas, they produced a number 
of high-speed, long-range particles, ap- 
parently protons. Some three years 
later Rutherford began a reinvestiga- 
tion of Marsden’s work, in the course 
of which he studied the effect of alpha 
particles on several gases, in addition 
to hydrogen. The apparatus used was 
very simple (Fig. 10.1); it consisted of a 


Fia. 10.1. Schematic diagram of appara- 

tus used by E. Rutherford to detect trans- 

mutation of nitrogen nuclei by alpha par- 
ticles. 


metal cylinder in which was supported 
the radioactive source A of alpha par- 
ticles, A small hole at one end was 
closed with a thin metal disk B capable 
of stopping most of these particles, 
and one or two millimeters away was 
a zinc sulfide screen C. Any long-range 
particles formed by the action of the 
alpha particles on the gas in the cylin- 
der were able to pass through the disk 
B and produce scintillations on the 
zinc sulfide (§ 7.45). Different gases 
could be admitted to the cylinder, and 
the effect of the alpha particles ob- 
served. 

10.5. Reporting in 1919 on the re- 
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sults of his experiments, Rutherford 
wrote: ‘‘On introducing oxygen or car- 
bon dioxide into the vessel, the number 
of scintillations fell off in amount cor- 
responding with the stopping power of 


the column of gas. An unexpected | 


effect was, however, noticed on intro- 
ducing dried air. . . . Instead of di- 
minishing, the number of [long-range] 
scintillations increased. . . . It was 
clear from these results that the alpha 
particles in their passage through air 
gave rise to long-range scintillations 
which appeared of about the same 
brightness as H-scintillations [i.e., the 
long-range scintillations produced by 
alpha particles in hydrogen]." 

10.6. Careful investigation showed 
that neither oxygen, carbon dioxide, 
nor moisture was responsible for the 
behavior observed with air, but the 
effects could be closely duplicated with 
nitrogen gas in the cylinder. Conse- 
quently, the interaction of alpha parti- 
cles with nitrogen atoms or molecules 
results in the ejection of long-range, 
ie. highly energetic, particles simi- 


lar to those obtained with hydrogen. 


“Tt is difficult to avoid the conclusion,” 


said Rutherford, “‘that these long-range | 


atoms arising from the collision of al- 


pha particles with nitrogen are not | 


nitrogen atoms but probably charged 
atoms of hydrogen. .. . If this be 
the ease, we must conclude that.the 
nitrogen atom is disintegrated under 
the intense forces developed in a close 
collision with a swift alpha particle." 

10.7. Further work proved Ruther- 
ford’s conclusions to be correct, and 
thus he achieved the first controlled 
artificial disintegration of an atomic 
nucleus. The extent of the disintegra- 
tion was, however, extremely small, 
for it was estimated that only one 
alpha particle in about 300,000 ex- 
pelled a long-range particle from 8 
nitrogen atom. It is of interest to 
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record that, in his successful realiza- 
tion of nuclear transmutation, Ruther- 
ford was able to confirm a possibility 
which he had considered in his William 
Ellery Hale lectures, delivered in 
Washington, D. C., in April 1914. “Tt 
is possible," he said, "that the nucleus 
of an atom may be altered by direct 
collision of the nucleus with very swift 
electrons or atoms of helium [i.e., al- 
pha particles] such as are ejected from 
radioactive matter. . . . Under favor- 
able conditions, these particles must 
pass very close to the nucleus and may 
either lead to a disruption of the nu- 
cleus or to a combination with it.” 


MECHANISM OF THE NUCLEAR 
Process 


10.8. Following upon Rutherford’s 
pioneer experiments, he and Chadwick, 
using an improved form of apparatus, 
made a more detailed study of the 
action of alpha particles on various 
elements. By observing the deflection 
of the resulting long-range particles 
in a magnetic field, Rutherford and 
Chadwick proved that they were in- 
deed positively charged hydrogen at- 
oms, i.e., protons, of high energy. All 
the elements from boron to potassium, 
with the exception of carbon, oxygen, 
and possibly beryllium, were found to 
emit protons when subjected to the 
action of alpha particles. The energy 
of the protons, as determined from 
their range, was shown to be higher 
in some cases than that of the imping- 
ing alpha particle, thus indicating that 
they resulted from a disintegration 
process, the additional energy being 
acquired in the accompanying nuclear 
rearrangement. 

10.9. At the time this work was being 
done, between the years 1920 and 1924, 
the nature of the nuclear process which 
led to the emission of protons was un- 
certain. Two possibilities were con- 
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sidered: first, that the nucleus of the 
disintegrated atom merely loses a pro- 


‘ton as a result of the severe impact 


accompanying collision with a fast- 
moving alpha particle; and, second, 
that the alpha particle enters the nu- 
cleus of the atom which it strikes, the 
resulting combined nucleus then eject- 
ing a proton. The problem would have 
been solved if the nucleus remaining 
after emission of the proton could be 
identified, but there seemed no way in 
which this could be done, particularly 
in view of the very small number of 
atoms actually undergoing disintegra- 
tion. 

10.10. In 1925, however, P. M. 8. 
Blackett, in England, and in the fol- 
lowing year, W. D. Harkins, in the 
United States, independently obtained 
evidence which permitted of a decision 
between the two possible mechanisms 
indicated above. From photographs of 
the tracks produced by alpha particles 
passing through nitrogen in a Wilson 
cloud chamber (§ 7.90), it could be con- 
cluded that the alpha particle disap- 
peared in the disintegrating collision, 
and so the second of the alternatives 
was probably the correct one. Blackett 
took over 20,000 photographs, depict- 


ing a total of more than 400,000 | 


alpha-particle tracks; of these, eight 


were of the forked type, of which an . 


example is shown in Fig. 10.2, taken by 
two cameras at right angles. Each of 
these forked tracks undoubtedly rep- 
resents a collision between an alpha 
particle and a nitrogen nucleus leading 
to disintegration. The long, thin track 


is that of the proton which is ejected, ' 


whereas the short, heavy track is due 
to the remaining nucleus. This ap- 
pears, from the cloud-track photo- 
graph, to have undergone a collision 
which changed its direction. Since the 
nitrogen atom, before being struck by 
an alpha particle, is neutral and has no 


Fie. 10.2. P. M. S. Blackett’s photogra; 
a 


(From F, Rasetti, Elements 0j 


ionizing power, its path cannot be ob- 
served in the cloud-chamber photo- 
graph. The product, on the other hand, 
carries an electric charge, due to the 
loss of electrons in the collision; conse- 
quently it has the ability to produce 
jons in its path, and so forms a definite 
cloud track. 

10.11. If the disintegration process 
had been the result merely of a dis- 
ruption leading to the expulsion of a 
proton from the nitrogen nucleus, there 
should have been a total of four tracks, 
rather than the three actually ob- 
served. In addition to the tracks of 
the proton and of the residual nucleus, 
the path of the alpha particle should 
have been apparent before and after 
the collision. Since the photographs do 
not show more than three tracks meet- 
ing at a point, it may be concluded 
that, in the interaction under consid- 
eration, the nitrogen nucleus absorbs 
the alpha particle and subsequently 
emits & proton. A more detailed con- 
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particle cloud tracks in nitrogen. 
sics. Prentice-Hall, Inc.) 
sideration of the process will be given 
later (§ 10.40). 


NucuEAR REARRANGEMENT 


10.12. Assuming the foregoing mech- 
anism to be correct, it is a simple 
matter to determine the nature of 
the nucleus remaining after the pro- 
ton has been emitted. The argument 
is based on the reasonable postulate 
that in the nuclear reaction there is no 
change in the numbers of neutrons 
and of protons, although the nucle- 


of ries 
y 


ons will be arranged differently before - 


and after the collision. The sum of 
the neutrons and protons is equal to 
the mass number, and the number 
of protons is equal to the atomic num- 
ber (88 4.36, 6.61). Both these numbers 
must, therefore, balance on the two 
sides of the equation representing the 
nuclear rearrangement. Thus, the in- 
teraction between an alpha particle 
and a nitrogen nucleus may be written 
as follows: 


Alpha Residual 

Nucleus + Particle > Proton + Nucleus 
4 1 17 
2 1 8 


Atomic number 7 


eS ee 
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10.13. It is seen that the residual 
nucleus must have a mass of 17 units 
and an atomic number 8; this is the 
atomic number of oxygen, and so it 
follows that the product is an isotope 
of oxygen with a mass number of 17. 
By indicating the various nuclei by the 
symbols of the corresponding elements, 
and inserting the mass number as a 
superscript and the atomic number as 
a subscript in each case,* the disinte- 
gration or, more correctly, the nuclear 
transformation or rearrangement, may 
be conveniently represented by the 
equation 

YN + iHe iH + $0, 
the mass numbers and the atomic num- 
bers, respectively, adding up to the 
same totals on the two sides of the 
equation. t 

10.14. Processes of this and related 
types are sometimes referred to as 
atomic (or nuclear) disintegration or, 
more colloquially, as “‘atom smash- 
ing.” It is only in some special cases, 
however, as will be seen in due course, 
that the nucleus is actually disinte- 
grated, or smashed, in the sense of 
being broken up into small fragments. 
As a general rule, nuclear reactions 
involve a simple rearrangement of the 
protons and neutrons among the nuclei 
concerned. It is preferable, therefore, 
to speak of them either as nuclear 
rearrangements or as nuclear trahs- 
formations or transmutations. They 
may be qualified as “artificial,” to dis- 
tinguish them from radioactive changes 
which are spontaneous nuclear trans- 
mutations. 

10.15. Although it is convenient to 
record for each participating nucleus 
both the symbol and the atomic num- 


* In accordance with the recommendations of 


Physics and of Pure and Applied Chemistry, 


ber, this is really unnecessary since one 
includes the other; thus, the symbol N 
(for nitrogen) can refer only to the 
element of atomic number 7, and vice 
versa. On the other hand, the mass 
number must always be noted, for 
otherwise it would not be known which 
particular isotopic form is involved. 
Utilizing these facts, a simple scheme, 
now widely used, was devised in 1935 
by W. Bothe in Germany for describing 
nuclear processes. The reaction under 
consideration, for example, can be for- 
mulated as'4N(a,p)!70, which would be 
interpreted as follows: a nitrogen (N) 
nucleus, called the target nucleus, inter- 
acts with an alpha particle (a), referred 
to as the incident particle or projectile; 
a proton (p) is ejected and an oxygen 
(70) nucleus, known as the recoil nu- 
cleus, remains. The general group of 
nuclear reactions studied by Ruther- 
ford and Chadwick can then be referred 
to as being of the (a,p) type; in these 
processes, the alpha particle is the 
incident particle; and a proton is 
expelled. 


BOMBARDMENT or Atomic NUCLEI 
BY CHARGED PARTICLES 


10.16. By 1924, Rutherford and 
Chadwick had established that nearly 
all the lighter elements up to and 
including potassium emitted protofts 
when subjected to the action of alpha 
particles. But with heavier atoms there 
was only scattering of these particles 
(§ 4.7), indicating that they did not 
have sufficient energy to penetrate the 
atomic nucleus. In reviewing the prog- 
ress made during the years 1925 and 
1926, on “the disintegration of nuclei 
by the impact of alpha rays,” F. W. 


the International Unions of Pure and Applied 
th the mass number and the atomic number 


are placed to the left of the symbol of the element. 
{It will be BE that DE particle has been represented in the equation as a helium 


nucleus, with which it is, of course, identical. 
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Aston (§ 6.36) wrote: “There has now 
come the inevitable period of quies- 
‘cence awaiting the development of new 
weapons." Actually, some six years 
were to elapse before new methods of 
attacking the nucleus became avail- 
able, with consequences that could 
certainly not have been foreseen. 

10.17. It was shown in § 4.16 that, 
at any distance d, the energy of electro- 
static (or Coulomb) repulsion of an 
alpha particle, carrying two unit posi- 
tive charges, by an atomic nucleus, 
with Z such charges—Z being equal 
to the atomic number—is 2Ze?/d, 
where e is the unit (electronic) charge. 
It is evident that the energy with 
which an alpha particle is repelled 
from a nucleus increases with the 
atomic number. Consequently, parti- 
cles which might be sufficiently ener- 
getic to approach the nucleus of a light 
element would be turned back by a 
heavier nucleus, with higher atomic 
number. It was thus apparent to Ruth- 
erford and others, in the late 1920s, 
that progress in the study of nuclear 
disintegration required the construc- 
tion of devices which would provide 
particles with greater energy than the 
alpha particles obtainable from natural 
radioactive sources. 

10.18. According to classical electro- 
static theory, the energy which an al- 
pha particle would require in order to 
reach the nucleus of an atom, that is 
to say, to be able to surmount the so- 
called potential barrier (88.28), for 
elements of higher atomie number, 
would be from 20 to 30 MeV. In 1930, 
such high energies, although now com- 
monplace, were quite out of reach. It 
was fortunate therefore that, at about 
the same time, the application of wave 
mechanies to the problem of nuclear 
penetration ($8.30) showed that par- 
ticles could both leave and enter the 
atomie nucleus even though their en- 
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ergy was considerably less than the top 
of the hypothetical barrier. 

10.19. The first experiments on nu- 
clear transmutation were naturally 
earried out with swift alpha particles 
because of their availability, but the 
wave-mechanical calculations made by 
G. Gamow in 1928 suggested that other 
charged particles might be more effec- 
tive. He showed that not only was the 
energy barrier lower, but the probabil- 
ity of penetrating it and reaching an 
atomic nucleus also increased, as the 
charge and mass of the incident parti- 
cle decreased. Thus, for a giver value 
of the particle energy, a proton, with 
unit charge and unit mass, was much 
more likely to enter the nucleus than 
an alpha particle, carrying two charges 
and having a mass of four units. In 
fact, it appeared that in order to at- 
tain a particular probability of reach- 
ing a given atomic nucleus, an alpha 
particle would need to have something 
like 16 times the energy of a pro- 
ton. A small number of fast-moving 
protons are, of course, ejected in the 
(a,p) type of process discovered by 
Rutherford, but the number is so in- 
significant as to be useless for practical 
purposes. Consequently, interest was 
aroused in many scientific laboratories 
in the possibility of developing meth- 
ods for building up high potentials, 
of the order of hundreds of thousands, 
or even millions, of volts, whereby 
protons and other charged. particles 
could be given sufficient energy to 
interact with atomic nuclei. The re- 
sults of these efforts in the design of 
accelerators, which have now gone far 
beyond the original expectations, were 
described in Chapter 9. 


DISINTEGRATION OF LITHIUM 
BY PROTONS 


10.20. As mentioned in §9.9, the 
first successful nuclear transformation, 
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using artificially accelerated protons, 
was achieved in Rutherford’s lab- 
oratory in Cambridge, England, by 
J. D. Cockcroft and E. T. S. Walton 
in 1932. Their work stands out in the 
history of nuclear science as being the 
first case of nuclear disintegration 
brought about by purely artificial 
means. Rutherford had used swift 
alpha particles from natural sources, 
but in the experiments of Cockcroft 
and Walton protons, obtained by the 
ionization of hydrogen in a discharge 
tube, were accelerated by means of 
high voltages. When the light element 
lithium, in the form of a layer of lith- 
ium oxide, was bombarded by fast- 
moving protons, bright scintillations, 
due to particles ejected from the lith- 
ium, were immediately observed on a 
zinc sulfide sereen placed a short dis- 
tance away. The scintillations were 
first detected when the accelerating 
potential was about 125,000 volts, the 
number increasing with increasing volt- 
age. At 250,000 volts there was one 
scintillation for about a billion protons, 
and at double this voltage the number 
was increased ten-fold. 

10.21. Subsequently, Cockcroft and 
Walton made observations of the 
tracks of the ejected particles in a 
cloud chamber, and they reported that 
“the brightness of the scintillations 
and the density of the tracks suggest 
that the particles are normal alpha 
particles. . . . It [therefore] seems 
not unlikely that the lithium isotope 
of mass 7 occasionally captures a 
proton and the resulting nucleus of 
mass 8 breaks into two alpha particles 
of mass 4.” The nuclear reaction thus 
achieved may be written as 


JLi + 1H > {He + 3He, 
where IH is the incident proton and 
the two ¿He nuclei are the alpha par- 


ticles formed. By utilizing the abbre- 


viated method of representation given 
in § 10.15, the process would be repre- 
sented as 7Li(p,a)‘He, although there 
is actually no difference between the 
alpha particle, represented by a, and 
the helium nucleus, indicated by ‘He. 
It is particularly significant that, in 
agreement with the calculations of 
wave mechanics, the process occurred 
to a detectable extent with protons of 
125,000 eV, i.e., 0.125 MeV, a value 
considerably less than the height of the 
potential barrier between a lithium 
nucleus and a proton, namely, about 
0.45 MeV. 

10.22. Support for the postulated 
disintegration was obtained from 
several different directions. Cloud- 
chamber photographs, made by P. I. 
Dee and E. T. 8. Walton in England 
and by F. Kirchner in Germany in 
1933, showed two tracks of equal 
length, evidently due to alpha parti- 
cles, emerging in opposite directions 
from a lithium target bombarded by 
the high-energy protons. If the nuclear 
process resulted in the formation of 
two alpha particles, as postulated 
above, then they would, in fact, be 
expelled in opposite directions in order 
to comply with the requirement of 
conservation of momentum. 

10.23. Proof of the supposition that 
it is the more abundant lithium iso- 
tope, mass number 7, that is involved 
in the production of alpha particles 
was provided in 1934 by Rutherford’s 
students M. L. E. Oliphant, E. 8. 
Shire, and B. M. Crowther. Fairly 
pure specimens, a few millionths of a 
gram in weight, of the ‘Li and "Li 
isotopes of lithium were. collected on 
small targets, using the electromag- 
netic separation procedure (§ 6.90), 
and bombarded with accelerated pro- 
tons. The results showed definitely . 
that the "Li isotope gave two alpha 
particles; the ‘Li isotope also exhibited 
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-a nuclear reaction, but it was of a 
“different type, as might be expected. 


LI 
NucLEAR Reaction ENERGIES 


»* 10.24. Nuclear reactions, involving 
a rearrangement of the nucleons, re- 
semble ordinary chemical reactions, in 
which there is a redistribution of whole 
atoms, in the respect that they are ac- 
companied by energy changes. The 
nuclear energy changes are, however, 
very much larger; they are of the 
order of millions of electron volts, 
as compared with one or two electron 
volts for most chemical reactions. The 
over-all energy liberated or taken up 
in a nuclear process is called the nuclear 
reaclion energy, and is generally rep- 
resented by the symbol Q; for this 
reason the energy change is sometimes 
referred, to, in brief, as the “Q” of 
` the nuclear reaction. The value of 
Q may be positive or negative de- 
pending on the nature of the process. 

10.25. According to the Einstein the- 
ory of the equivalence of mass and 
energy, the nuclear reaction energy 
must be exactly balanced by the 
changes in mass associated with the 
reaction. Thus, if Q is positive, that 
is to say, if the process is accompanied 
by the liberation of energy, theré must 
be a decrease of mass; the total mass 
of the products will then be less than 
that of the interacting nuclei by an 
amount equivalent to this energy. On 
the other hand, a negative value of Q 
means that energy is taken up and 
there is a gain of mass in the nuclear 
reaction; such a result implies that 
the total mass of the products exceeds 
that of the original particles. 

10.26. In the course of their work, 
Cockeroft and Walton made a com- 
parison between the change of mass 
accompanying the interaction of lith- 
ium-7 and a proton to form two alpha 
particles, and the energy liberated in 
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the nuclear reaction, assuming the ap- 
plicability of the Einstein mass-energy 


relationship (§ 3.72) to such reactions, — 


They showed that the agreement was 


consistent with their interpretation of — 


the mechanism of the process, as given 
above, but there was no clear evi- 
dence, at the time, of the validity of 
the Einstein equation. Consequently, 
in 1933, K. T. Bainbridge, in the 
United States, used the energy data, 


together with the known atomic masses 
($6.63) of lithium, hydrogen, and ` 


helium, to provide a quantitative veri- 
fieation of the mass-energy relation- 
ship. 

10.27. In the reaction between pro- 


tons and the lithium isotope of mass 


number 7, the nuclear energy liberated 


can be determined by measuring the - 


range, and hence estimating the en- 
ergy, of the alpha particles produced. 
Cockeroft and Walton found this range 


to be approximately 8 cm in air, 80 .- 


that each alpha particle carried off 


about 8.5 MeV, making a total of - 


nearly 17 MeV for the nuclear reaction: 


energy. Later, more precise measure- - 


ments of the alpha particle ranges 


showed that Q for the reaction was . 


17.2 MeV, after allowing for the energy 


of the incident proton; the energy of - 


the bombarded lithium nucleus, whic! 


is a fraction of an electron volt, is quite — 


negligible in comparison with the other 
quantities involved. 


10.28. The mass equivalent of 17.2 1 
MeV can be readily derived by means — 


of the Einstein equation in the form of 


equation (3.17) which here becomes : 


17.2 MeV = m (amu) X 931. 
'The mass equivalent in atomic mass 


units is thus found to be 0.0185. Since - 
there is a liberation of energy, that 18 — 


to say, Q is positive, it may be con- 
cluded that in the nuclear reaction 
"Li + 1H — tHe + ‘He 
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the sum of the masses of the products 
will be less than that of the interacting 
nuclei by 0.0185 amu. 

10.29. In an equation of this kind 
it is the masses of the respective nuclei 
which are implied, but the same final 
result is obtained by using the atomic 
masses which include the masses of the 
electrons. The rumber of electrons is 
the same on both sides of the equation, 
and so when computing the loss or gain 
of mass in a nuclear reaction, the 
masses of the electrons, if they are 
included, will cancel.* The atomic 
masses of "Li, 1H, and ‘He are now 
known with considerable accuracy 
from mass-spectrometer determina- 
tions, and the change of mass in amu 
may be computed as follows: 


Interacting Product 
Particles Particles 
"Li 7.0160 ‘He 4.0026 
1H 1.0078 ‘He 4.0026 
8.0238 8.0052 
Difference 


= 8.0052 — 8.0238 = —0.0186. 


The nuclear reaction under discussion 
is therefore accompanied by a loss of 
0.0186 amu, which is close to the mass 
equivalent of the energy liberated, as 
estimated from the energy of the alpha 
particles, 

10.30. The good agreement found 
above is a strong argument, as Bain- 
bridge showed, for the applicability of 
the Einstein mass-energy relationship 
to nuclear reactions. This particular 
case is of special interest, not only be- 
cause it was the first nuclear process 
brought about by artificially acceler- 
ated particles, but also because it 
provided the earliest verification of 
the Einstein equation. Since 1932 nu- 
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merous nuclear transformations have 
been studied in detail, and in every 
case for which sufficient data are avail- 
able, the value of the nuclear reaction. 
energy, as calculated from the meas- 
ured energies of the incident and prod- 
uct particles, is exactly equivalent, 
within the limits of the experimental .. 
errors, to the change of mass accom- 
panying the process. There can thus 
be no question as to the validity of 
the Einstein equation in these cases or 
of the reality of nuclear transforma- 
tions. 


DETERMINATION or ATOMIC MASSES 


10.31. An important consequence of 
the study of the mass and energy 
changes involved in nuclear processes 
was the suggestion, made independ- 
ently in 1935 by H. A. Bethe and by 
M. L. E. Oliphant, A. R. Kempton, 
and E. Rutherford, that the mass- 
spectrometer atomic masses of the 
lighter elements accepted at that time 
required correction. These investigat- 
ors found that, in certain nuclear reac- 
tions, the energy change differed from 
the equivalent of the mass change by 
amounts exceeding the probable ex- 
perimental errors. It was felt that the 
source of the discrepancies was not in 
the mass spectrometer itself, but rather 
in the accepted atomic mass of helium, 
mass number 4, which was used as a 
comparison standard for the lighter 
elements. The atomic masses were con- 
sequently recalculated on the basis of 
an empirical correction in the helium 
value, and the results so obtained gave 
excellent agreement with the mass- 
energy principle. A more careful com- 
parison by F. W. Aston of the atomic 
mass of helium with that of oxygen, 
made in 1936, completely substanti- 


* Processes in which positrons ponis electrons) are liberated are exceptional in this 


respect; each positron removes an 
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ated this correction, and thus provided 
striking evidence for the equivalence of 
mass and energy in nuclear processes. 

10.32. It is of interest in this con- 
nection to mention that the atomic 
masses of certain nuclides, which are 
either too unstable or too rare to 
be measured by mass-spectrometer 
methods, have been determined from 
nuclear reaction energies. A case in 
point is that of the oxygen isotope "O 
which, as mentioned in § 10.13, results 
from the interaction of an alpha parti- 
cle with a nitrogen nucleus; this reac- 
tion, including the energy Q, may be 
written as 


uN + ‘He — !H + "O + Q.* 


From the known energy of the alpha 
particle and the measured range of 
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the proton, the nuclear reaction en- 
ergy Q is found to be —1.16 MeV; the 
mass equivalent on the atomic mass 
scale, obtained upon dividing by 931, 
as seen above, is then —0.00124. 
10.33. Since Q has a negative value 
in this case, the total mass of the 
products will be greater than that of 
the interacting particles. The atomic 
masses of “N and ‘He are 14.00307 
and 4.00260, respectively, making a 
total of 18.00567 on the left side of the 
equation. On the right side, there is 
1.00782 for !'H and —0.00124 for the 


mass equivalent of Q, i.e., 1.00658 in ` 


addition to the atomic mass of 170; 
the latter is consequently 


170 = 18.00567 — 1.00658 = 16.9991. 
rounded off to six significant figures 


NUCLEAR REACTIONS WITH CHARGED PARTICLES 


Types or NUCLEAR REACTIONS 


10.34. Before 1932, when artificially 
accelerated particles were first shown 
to be capable of taking part in nuclear 
reactions, some ten transformation 
processes were known. These were all 
of the (a,p) type, in which the projec- 
tile was an alpha particle from natural 
sources. The availability in later years 
of various charged particles, especially 
nuclei of the isotopes of hydrogen and 
of helium, with energies up to very 
high values, has resulted in the dis- 
covery of a large number of nuclear 
reactions of different types. The pres- 
ent chapter will be concerned almost 
entirely with a discussion of the reac- 
tions of various nuclei with energetic 


charged particles, such as those men- 
tioned above.{ These processes all 
involve the electrostatic (or Coulomb) 
barrier referred to in $ 10.18 et seq. A 
neutron, however, carries no electrical 
charge and there are no electrostatic 
forces between it and.a nucleus. Con- 
sequently, neutron reactions differ in 
some respects from those involving 
charged particles; they will be treated 
in Chapter 11 which deals with the 
properties of neutrons. Although X-ray 


and gamma-ray photons are not. 


charged particles, it is convenient to 
describe their reactions with those of 
such particles. 

10.35. Artificial nuclear -reactions 
have been classified in six general cate- 


* It is the usual practice to write these equations in the algebraic form with +Q, although 


the actual value 
—1.16 MeV, the equation becomes 


Q may be positive or negative. Since in 


e case under consideration Q is 


MN + ‘He > !H + "0 — 1.16 MeV. 


t The isotopic nuclei of Ep are the proton (IH), the deuteron (7H), and the triton 
ae and those of helium are the alpha wt Guo and the nucleus of helium-3 due 


Reactions with particles of more 


P 300-MeV en in which 
particles (82.18) are formed, will be treated in Cliapter 20. 


mesons and 
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gories, although there may be some 
overlap in certain circumstances. The 


various types of processes which will. 


be considered in turn are (1) trans- 
mutation, (2) stripping and pickup, 
(3) fission, (4) spallation, (5) fragmen- 
tation, and (6) scattering. In transmu- 
tation reactions, the recoil (product) 
nucleus differs from the target by not 
more than a few units of mass number 
and atomic number; the reaction is 
thus accompanied by the emission, as 
a general rule, of one or two nucleons 
or a photon. Stripping reactions re- 
semble transmutations in the respect 
that the product does not differ greatly 
from the target nucleus; the mechanism 
of the process is, however, quite differ- 
ent. In a stripping reaction one or more 
nucleons from the projectile are cap- 
tured by the target while the remainder 
continues on its way. Pickup reactions 
are related to stripping reactions but 
now the projectile captures a nucleon 
(or nucleons) from the target nucleus. 
In fission reactions, the target splits 
mainly into two lighter nuclei of com- 
parable mass, at the same time emit- 
ting a few other particles, usually 
neutrons, When the projectile has 
sufficient energy, the process of spalla- 
tion can occur; several nucleons, up to 
20 or 30, and some alpha particles are 
split off from the target, leaving’ a 
number of nuclei of significantly 
smaller mass. In fragmentation reac- 
tions, which require incident particles 
of very high energy, the target nucleus 
is disintegrated into several smaller 
nuclei, atleast one of which is lighter 
than a fission-fragment nucleus but 
appreciably heavier than an alpha 
particle. Finally, in scattering proc- 
esses the nature of the target nucleus 
is unaltered but its energy is changed; 
in some instances the product nucleus 
is in a higher-energy (or excited) 
state. 
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TRANSMUTATION REACTIONS: 
Tur Compounp NUCLEUS 


10.36. In transmutation reactions 
involving particles of not too high 
energy, e.g., less than about 50 MeV, 
the first stage in the majority of in- 
stances is that the target nucleus 
completely absorbs the projectile to 
form what is called a compound nueleus. 
The cloud-chamber studies, described 
in $10.15, of the interaction of a 
nitrogen nucleus with an alpha par- 
ticle are compatible with the formation 
of such à nucleus which subsequently 
emits a proton in this particular in- 
stance. Thesestudies weremade around 
1925, but for nearly a decade there- 
after some scientists were of the opin- 
ion that nuclear transmutations which 
did not involve capture of the projec- 
tile were quite common. The general 
acceptance of the concept of a com- 
pound nucleus as the intermediate in 
most nuclear reactions involving pro- 
jectiles of medium energy is largely due 
to the experimental work of W. D. 
Harkins and D. M. Gans in the United 
States in 1935, and to the theoretical 
considerations of N. Bohr (§ 10.40) in 
the following year. 

10.37. Before it can unite with the 
target to form a compound nucleus, 
the incident particle must overcome or 
penetrate the barrier due to electro- 
static forces of repulsion. As stated 
in § 10.20, for a given amount of en- 
ergy, the probability that an alpha 
particle will enter a specific nucleus 
is much less than for a proton. Con- 
sequently, if alpha particles are to be 
capable of producing nuclear trans- 
formations, especially for target nuclei 
having high atomic numbers and hence 
large positive charges, they will need 
to carry considerable amounts of en- 
ergy. Since the deuteron, with a mass 
of two units and a single charge, is 
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intermediate between a proton and an 
alpha particle, it would be expected, 
at first sight, that it should be on the 
whole less effective than a proton but 
more so than an alpha particle of the 
same energy. 

10.38. It has been found, however, 
that the deuteron is capable of initiat- 
ing several nuclear transformations, 
through the formation of compound 
nuclei, at relatively low energies. One 
reason is that it requires about 2 MeV 
of energy to break up a deuteron into 
a proton and a neutron, but the addi- 
tion of these individual particles to a 
nucleus of moderate or high mass 
number means an average increase in 
energy of about 8 MeV per nucleon 
(§ 12.7), or 16 MeV for the neutron 
and proton. Hence, the ‘system will 
have made a net energy gain of 
14 MeV as a result of the combination 
of the deuteron with the target nucleus. 
This will tend to favor penetration of 
the potential energy barrier by the 
deuteron, and the consequent forma- 
tion of the compound nucleus. * 

10.39. With a proton as the projec- 
tile there is a gain of 8 MeV when it is 
taken up be a nucleus, and for an alpha 
particle the energy increase is only 
about 4 MeV, this being the difference 
between the 28 MeV energy required 
to separate it into two protons and 
two neutrons, as shown in § 4.40, and 
the approximately 32 MeV gained 
from the addition of four nucleons to 
the target nucleus. Because of the 
smaller energy increases, nuclear trans- 
formations are less probable with pro- 
tons and alpha particles as projectiles 
than with deuterons of equivalent 
energy. 
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EMISSION OF PARTICLES FROM 
Compounp NucLEus 


10.40. According to the views devel- 
oped largely by N. Bohr (§ 4.45) in 
Denmark in 1936, when a particle 
enters an atomie nucleus the addi- 
tional energy is very rapidly shared 
among the nucleons present in the 
resulting compound nucleus. 1 This re- 


distribution of energy takes place con- ' 


tinuously, so that in the course of 
time one particular nucleon (or com- 
bination of nucleons) in the compound 


nucleus acquires sufficient energy to. 


permit it to escape, leaving a more 
stable residual nucleus. The average 
life of a compound nucleus, i.e., the 
average time elapsing between the cap- 
ture of the projectile and the emission 
of a particle, is estimated to be about 
10>‘ sec or less. Although this is very 
short in terms of measurable periods 
of time, it is long compared with the 
time—less than 10-9 sec—taken by a 
proton or neutron moving with a speed 
of 10 em per sec to travel across a 
nucleus of 10-? cm diameter. There 
are thus sufficient collisions among the 
nucleons, even in 10-4 sec, to permit: 
the conditions necessary for energy 
redistribution to be realized. 

10.41. There are two important as- 
pects of the emission of particles from 
a compound nucleus that should be 
mentioned; they are so characteristic 
that they are commonly accepted as 
criteria for the formation of a com- 
pound nucleus as the intermediate in 
a nuclear reaction. First, the particles 
are emitted from the target almost 
tsolropically; that is to say, they are 
expelled more or less equally in all 


* Another reason why deuterons are effective Projectiles for certain nuclear reactions is 


given in § 10.57. 


f For projectiles of high energy, the Bohr theory of compound nucleus formation requires 
some modification because the entering particle may not share all its energy with the nucleons 


of the target nucleus. The general 


discussion presented here, however, is not affected. 
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directions.* Second, the emitted par- 
ticles do not all have exactly the same 
energy; there is actually a distribution 
of energies similar to that among the 
molecules evaporating from a liquid at 
a specific temperature. In fact, the act 
of particle emission from a compound 
nucleus is often referred to as evap- 
oration, and the nucleus is assigned 
a so-called nuclear temperature corre- 
sponding to the observed energy dis- 
tribution among the particles. It is 
known that, as the energy of the 
incident particles is increased, there is 
a tendency to deviate from the behav- 
ior described above; this is taken to 
imply that another mechanism is be- 


^ coming involved in the nuclear re- 


action. 

10.42. The nature of the particle (or 
particles) expelled from a compound 
nucleus depends on several factors, 
including its excess (or excitation) 
energy, the heights of various electro- 
static (Coulomb) barriers, and the sta- 
bility of the remaining (recoil) nucleus. 
Since the electrostatic barrier is non- 
existent for neutrons, these particles 
will, in general, be able to escape from 
the compound nucleus much more read- 
ily than either protons, deuterons, or 
alpha particles. This is especially true 
when the target nucleus has a high 
atomic number and, hence, a large 
positive charge; the potential barrier 
due to electrostatic forces is thus also 
high, and the probability that charged 
particles will be emitted is low. For 
target elements of small atomic num- 
ber, on the other hand, neutrons are 
often more strongly bound in the com- 
pound nucleus than are protons, and 
since the energy barrier is then not too 
high, the ejection of a proton or of an 
alpha particle may occur. 


10.43. The energy required to form 
an alpha particle is only 4 MeV—the 
same as that gained when such a par- 
ticle enters a nucleus—and so there is 
a fair chance that an alpha particle 
will be emitted from the compound 
nucleus, provided the atomic number, 
and hence the potential barrier, is not 
too high. For target nuclides of high 
atomic number, proton emission may 
occur preferably, although about 8 
MeV of energy is necessary. The reason 
is that the electrostatic barrier for a 
proton, with its single charge, is less 
than for an alpha particle with two 
charges. The expulsion of a deuteron 
is, however, a rare event because, apart 
from the energy required to penetrate 
the potential barrier, some 14 MeV 
must be available for the formation of 
the deuteron as a separate entity. This 
process can take place only if the in- 
cident particle carries a sufficient quan- 
tity of energy which it contributes to 
the compound nucleus. In cases of this 
kind, when considerable energy is 
available by the use of highly acceler- 
ated projectiles, two or more nucleons 
may be expelled virtually simultane- 
ously. 

10.44. In addition to protons, deu- 
terons, and alpha particles, compound 
nuclei on occasion emit other posi- 
tively charged particles. Among those 
are the nuclei of hydrogen and helium 
isotopes with mass number 3, i.e., *H 
and *He, respectively. A relatively large 
amount of energy is required for their 
liberation, and so the probability of 
their expulsion by a compound nucleus 
is small. It may be noted incidentally 
that, although there is no obvious 
reason why heavier particles, such as 
*Li and ?Li, should not be emitted, the 
three positive charges carried by these ` 


* This holds strictly in the center-of-mass system (cf. § 9.157 footnote), i.e., relative to a 


stationary compound nucleus. 
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nuclei makes the electrostatic repulsion 


80 large that the probability of their 


penetration of the barrier is quite negli- 
gible.* Other reactions, involving the 
emission of particles of small charge, 
consequently occur in preference. 
10.45. Following the capture of a 
particle, a compound nucleus some- 
times emits its excess energy as one 
or more photons of gamma radiation 
($8.112). The situation can be ex- 
plained in a qualitative manner with 
the aid of Fig. 10.3, representing the 


VIRTUAL. 
LEVELS 


ZERO POTENTIAL 
ENERGY (SEPARATED 
NUCLEON) 


BOUND 
LEVELS 
(UNOCCUPIED) 


Fie. 10.8. Bound and virtual energy levels 
of a nucleon in a compound nucleus. 


possible energy levels of a nucleon 
within a nucleus. The zero of energy 
is the energy of the nucleon when it is 
separated from the nucleus. Energy 
levels below the zero value are called 
bound states (or bound levels), whereas 
those above the energy zero are virtual 
states (or virtual levels). In the normal 
state of the nucleus, the lowest bound 
levels are all occupied and some 7 or 
8 MeV of energy is required to remove 
the least strongly bound nucleon, i.e., 
the one in the highest bound level. 
When the nucleus is excited, as is a 
compound nucleus, the nucleon carry- 
ing excess energy will be either in one 
of the virtual states, if the extra energy 
is more than about 8 MeV, or in one 
„of the normally unoccupied bound 


à * There is evidence that the unstable *Li particle is expelled in certain 

involving projectile particles of very high energy (see, for example, $ 19.85). 
t The compound nucleus is Sometimes an excited 

excited oxygen-16 formed from nitrogen-14 and an accelerated deu 
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states, if the excess (excitation) energy 
is less than this amount. 

10.46. If the nucleon under consid- 
eration is in a virtual level, the com- 
pound nucleus can either expel a 
nucleon (or group of nucleons) or the 
excess energy can be emitted as gamma 
radiation (dotted arrows in Fig. 10.3), 
Of these alternatives, the former is the 
more probable because it takes place 
as a result of the strong interaction 
between nucleons, which is a very rapid 
process, whereas photon emission in- 
volves the slower electromagnetic in- 
teraction (§ 12.33). If, on the other 
hand, the nucleon in the compound 
nucleus is in a bound level, normally 


unoccupied, the only possible process ' 


is the emission of the excess energy as 
one or more photons of gamma radia- 
tion, as indicated by the full arrows in 
Fig. 10.3. Nuclear reactions in which 
there is gamma-ray emission only are 
called radiative capture reactions. It will 
be seen in Chapter 11 that they are 
particularly common when the incident 
particle is a neutron of low energy. 


GENERAL PROPERTIES OF 
Compounp Nucievs 
10.47. A particular compound nu- 
cleus can often be formed in two or 
more different ways. The union of an 


alpha particle with an N nucleus, à . 


deuteron with !*O, or a proton with 
YỌ, for example, leads to the forma- 
tion of the same compound nucleus, 
actually a high-energy (excited) state 
of an unstable fluorine isotope; thus, 
MN 4+ “He SS; 
7 2- 
g0 3H — [SF]. 
sO+iH 7 
The mass number of this compound 
in nuclear reactions 


state of a normally stable species, e.g; 
teron. 
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nucleus is 18, since this is the sum of 
the mass numbers of the target nucleus 
and of the projectile in each case; sim- 
ilarly, the total charge is 9, which is 
the atomic number of fluorine. 

10.48. Although it is not strictly 
true, it can be assumed that, once a 
compound nucleus has been formed, 
its subsequent behavior, with special 
reference to the particle or particles 
emitted, depends only on the energy 
and not on its mode of formation. In 
general, a given compound nucleus is 
capable of breaking up in several dif- 
ferent ways. The particular mode 
which predominates depends to a large 
extent on the total amount of energy 
available, partly from the kinetic en- 
ergy of the projectile, and partly from 
the gain of energy accompanying its 
combination with the target nucleus. 
An interesting illustration is provided 
by the compound nucleus [Zn] which 
can be formed by the interaction of a 
deuteron (7H) with the nucleus of a 
copper atom of mass number 63, i.e., 
Cu. This compound nucleus can un- 
dergo several different reactions, as 
shown below, their relative extents 
depending on the available energy. 


— (1) Zn + y 
— (2) Zn + in 
— (3) Cu + 1H 
— (4) Zn + 2n 
— (5) SNi + He 
— (6) Cu + 1H 
— (7) $Cu + 1H 


[5Zn] 


10.49. The last four processes have 
a low probability, for reasons given 
earlier, although reaction (4) takes 


* There 
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place to a considerable extent when the 
incident particle has a large amount 
of energy. It will be seen that proc- 
ess (7) is the reverse of that by which 
the compound nucleus has been sup- 
posed to be formed. In fact, all the 
processes indicated above, and similar 
nuclear reactions, are reversible, so 
that the same compound nucleus could, 
theoretically, be formed by reversing 
any of the reactions as written.* 
Actually “Zn and *"Ni are the only 
stable species among the various prod- 
uct nuclides, and the formation of 
[$0Zn] by the interaction of Zn with 
a neutron, represented by jn, i.e., the 
reverse of process (2), has been ob- 
served. There is no doubt that, with 
alpha particles of sufficient, energy, 
reaction (5) could also be reversed, as 
could the others if the appropriate 
target nuclei were available. 

10.50. In the interaction of an ac- 
celerated deuteron with the Cu nu- 
cleus, process (3), in which a proton 
is emitted, predominates at low deu- 
teron energies, for a reason which will 
be given in $ 10.57, but this becomes 
less important at higher energies, when 
reactions (3) and (4) occur at the same 
time. It is important to note that at 
suitable energies several nuclear reac- 
tions ean take place simultaneously, 
although one particular process often 
predominates at low energies and an- 
other at much higher energies. Conse- © 
quently, the method of formation of 
the compound nucleus has an indirect 
influence on the nature of the subse- 

uent process. For example, when 
302n] is formed from *'Zn and a neu- 
tron of low energy, by the reversal of 
process (2), the only reaction which 


consequently, seven different ways in which the same compound nucleus 


are, S jd 
Zn. ld b d six ways in which it could break up, omitting the reverse of 
tie d of So UR int bach cass. The formulation given above thus implies 42 different 
possible nuclear reactions. However, the formation of Zn by the simultaneous capture of 
two neutrons by Zn, i.e., the reverse of process (4), is very improbable. 
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can take place to any appreciable ex- 
tent is the radiative capture process 
(1); the relatively small amount of 
excitation energy is thus emitted as 
gamma radiation. When produced in 
this manner, the compound nucleus 
[$Zn] has insufficient energy for any 
of the other reactions indicated above 
to be possible. When high-energy neu- 
trons are used as the incident particles, 
instead of those with low energy, some 
of the other reactions occur. As seen 
in § 10.46, if a compound nucleus has 
enough energy to make expulsion of 
a material particle possible, the prob- 
ability of gamma-ray emission is small. 


TRANSMUTATION BY PROTONS 


10.51. In this and the following sec- 
tions reference will be made to specific 
cases of nuclear reactions with various 
projectiles, and some additional mat- 
ters will be elucidated. With certain 
minor exceptions, the transmutation 
processes to be described are of the 
type in which the projectile has less 
than about 50 MeV of energy and a 
compound nucleus is formed as the 
intermediate stage. 

10.52. With protons as the incident 
particles, radiative capture processes, 
ie, of the (p,y) type, have been ob- 
Served for a number of the lighter 
elements; thus, 

Al + IH — iSi -- y, 

which may be written as ?Al(p,y)"'Si. 
The product is à nuclide with both 
atomic number and mass number one 
unit higher than those of the target 
nucleus. Other instances of the same 
kind are "Li(p,y)Be, !*N(p,y)*O, 
¥F(p,y)*°Ne, and 9'Cr(p,y):!Mn. The 
bombardment of lithium by protons 
has been used as a source of high- 
energy (17 MeV) gamma radiations 
for experimental purposes. 

10.53. As may be anticipated, the 
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probability of the (p,n) type of reac- 
tion is relatively high, provided the 
proton has sufficient energy to pene- 
trate the Coulomb energy barrier and 


form a compound nucleus. Such a reac- - 


tion is 
Ne + IH > Mg + in. 

The product nucleus is seen to have 
the same mass as the target element 
but its atomic number is one unit 
higher Several (p,n) reactions are 
known, although they are more com- 
mon with the lighter than with the 
heavier elements, since higher energies 
are necessary for the nuclei of the latter 
to be penetrated by the protons. 

10.54. If the incident proton has an 
energy in excess of about 20 MeV, the 
compound nucleus has sufficient exci- 
tation energy to permit the expulsion 
of two or more nucleons. Examples of 
reactions of this type are the following: 
*Cu(p,pn)Cu, *Cu(p,2n)?Zn, and 
9Sr(p,3n)**Y. At sufficiently large pro- 
ton energies, e.g., more than 50 MeV, 
more than three nucleons may be 
emitted as the result of a nuclear iater- 
action: In these instances there is 
probably direct interaction between 
the projectile and the nucleons within 
the target nucleus, in addition to some 
compound nucleus formation (8 10.79). 

10.55. Nuclear processes of the (p,a) 
and (p,d) types, where the particles 
expelled are an alpha particle and a 
deuteron, respectively, are compar- 
atively uncommon for protons of mod- 
erate energy, because of the small 
probability of penetrating the rela- 
tively high electrostatic energy bar- 
riers. The large binding energy of the 
alpha particle makes its emission more 
likely than that of a deuteron (8 10.43), 
but in any event, unless high-energy 
protons are used, the (p,q) reaction is 
to be expected only with target ele- 
ments of low atomic number for which 


a 


Chap. 10 * — 


eee 


Nuclear Reactions and Artificial Radioactivity 


the electrostatic repulsion is not too 
high. The first transmutation process 
involving artificially accelerated par- 
ticles to be discovered (§ 10.21) was 
of the (p,a) type, namely, "Li(p,a)*He; 
another example is 


YN +1H > $C + $He. 
One of the rare cases of a (p,d) reac- 


tion with a nucleus of low atomic 
number is 


?Be + IH — $Be + 1H, 


but there are próbably special cireum- 
stances which favor the emission of a 
deuteron in this case. Reactions of the 
(p,d) type are more common with 
heavier elements and protons of fairly 
high energy, but Whey appear to be 
pick-up reactions which do not involve 
compound nucleus formation (8 10.78). 


TRANSMUTATION BY DEUTERONS 


10.56. It was seen in § 10.38 that 
the deuteron is a particularly effec- 
tive projectile for causing nuclear 
transmutations because a relatively 
small amount of energy, about 2 MeV, 
is sufficient to cause its rupture into a 
neutron and proton. This small bind- 
ing energy of the constituent nucleons 
of a deuteron has another significant 
effect in facilitating nuclear changes. 
In the course of a study, reported in 
1935, of reactions of the (d,p) type 
resulting from the bombardment of 
various elements with deuterons ac- 
celerated by means of a cyclotron, 
E. O. Lawrence, E. M. MeMillan, and 
R. L. Thornton in the United States 
noted that the efficiency of the proc- 
esses increased with increasing energy 
of the incident particle at a rate that 
was appreciably greater than was to 
be expected from the wave-mechanical 
theory of barrier penetration by the 
deuteron (§ 10.20). 

10.57. An explanation for this be- 
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havior was immediately proposed by 
the American mathematical-physicist 
J. R. Oppenheimer who, in conjunction 
with M. Phillips, derived certain theo- 
retical consequences which were found 
to be in complete agreement, with the 
observed facts. According to the 
Oppenheimer-Phillips mechanism, the 
deuteron behaves as a relatively loose . 
combination of a neutron and a pro- 
ton, since the binding energy is com- 
paratively small. When the deuteron 
approaches a nucleus, the electrostatic 
repulsion of the positive charges tends 
to force the proton away, but the neu- 
tron is not affected. If the energy of 
the incident deuteron exceeds the 
neutron-proton binding energy, ie., 
about 2 MeV, the proton portion will 
break off and be repelled, but the neu- 
tron will enter the target nucleus, since 
there is virtually no barrier to prevent 
this taking place. 

10.58. In a sense, the Oppenheimer- 
Phillips type of process may be re- 
garded: as occurring in two stages: the 
breakup of the deuteron into a proton 
and a neutron, followed by capture 
of the latter by the target nucleus. As 
a general rule; the extra nucleon in the 
resulting compound nucleus is in a 
bound state; the excess energy is then 
emitted as gamma radiation and the 
neutron is retained. In some cireum- 
stances there may be enough energy 
available for the neutron to be expelled; 
the reaction is then of the (d,pn) type. 
It should be noted that the Oppen- 
heimer-Phillips process is really a 
stripping reaction, as defined in $ 10.35. 
This description, however, is generally 
restricted to reactions with deuterons 


fand other particles) of high energy in 


which electrostatic repulsion plays & 
negligible role. 

10.59. Nuclear reactions of the (d,p) 
type are quite common, for they have 
been observed with nearly all elements. 
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At low deuteron energies the mecha- 
nism is presumably as described above, 
but at somewhat higher energies a com- 
pound nucleus may be formed by com- 
bination of the whole deuteron with 
the target nucleus, followed by the 
ejection of a proton. The end result is, 
of course, the same as in the Oppen- 
heimer-Phillips processes. Examples of 
(d,p) nuclear transmutations, which 
include elements of low, medium, and 
high atomie number, are given below. 
It will be observed: that the product. is 
always an isotope of the target ele- 
ment, with a mass number one unit 
higher. In accordance with current 
practice, the deuteron is represented 
by the symbol ?D, instead of 2H. 

ili -c1D—$Li +H 

"Cd + 1D — Cd + 1H 

"Bi +3D — Bi + 1H. 

10.60. Attention may be called to 
the last of these reactions, in which 
the product is an isotope of bismuth, 
of mass number 210 and atomic num- 
ber 83. Reference to the table in § 5.58 
and Fig. 6.1 will show that these are 
the mass number and atomic number 
of the naturally occurring radioactive 
element commonly known as radium 
E. Bombardment of ordinary bismuth 
by accelerated deuterons does, in fact, 
yield a product which is identical in 
every respect with natural radium E; 
it emits beta particles and has a half- 
life of 5.0 days. 

10.61. A (d,p) reaction of special 
interest was discovered by Rutherford, 
in conjunction with M. L. E. Oliphant 
and P. Harteck, in 1934, as a result of 
the bombardment by deuterons of deu- 


terium itself, in the form of a solid. 


compound. The process thus involves 
the interaction of an accelerated deu- 
teron with a stationary one, and the 

* From the Greek tritos (third), 


Sourcebook on Atomic Energy 


Chap. 10 


result is the emission of a proton, 
leaving another isotope of hydrogen, 
of mass number 3, as the residual nu- 
cleus; thus, 


iD + iD iT + 1H, 


where 1T (or 1H) is a third isotope of 
hydrogen, called tritium.* The fact that 
the product of mass number 3 is indeed 
an isotope of hydrogen is indicated by 
the additivity of the subscripts, which 
shows that it must have an atomic 
number of unity. It will be seen later 
that tritium is unstable, i.e., radioac- 
tive, and does not occur in nature 
except in the merest traces. Significant 
quantities of this isotope can be ob- 
tained, however, by nuclear reactions 
(§ 11.58). 

10.62. Competing with the (d,p) re- 
actions induced by deuterons of mod- 
erate energies are reactions of the (d,n) 
type in which the deuteron enters the 
nucleus of the target element and a 
neutron is then ejected from the result- 
ing compound nucleus. A large num- 
ber of transmutations of this kind 
have been reported, especially with 
targets of low mass number. In fact 
when two deuterons interact to pro- 
duce tritium by the (d,p) reaction, as 
mentioned above, there is an accom- 
panying (d,n) reaction occurring to 
about the same extent, namely, 


1D + 1D 5 He + in. 


The product is a helium isotope of 
mass number 3 which is present to & 
very minute extent in ordinary helium 
gas. There is an analogous (d,n) reac- 
tion between accelerated deuterons 
and tritium nuclei, i.e., 


iD + iT — tHe + in. 


This. process is of special interest as a 
convenient means for producing neu- 


P A by analogy with deuterium, from deuteros (second). A 
tritium atom is represented by the symbol T, and the nucleus, called a triton, is indicated by t. 
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trons with energies of at least 14 MeV 
(§ 11.92). 

10.63. Among the many other reac- 
tions of the (dn) type occurring with 
deuterons of moderate energies are the 
following: 

SLi +iD—iBe + in 

Te + DBI +n 

XPBi + 1D — 2PPo + in. 
In each case the mass number and 
atomic number of the product are both 
one unit higher than those of the 
target element. In the third example 
quoted above, the product has the 
mass number and atomie number of 
naturally occurring polonium, or ra- 
dium F; its identity with the latter 
has been proved by a study of the 
radioactivity observed after bombard- 
ment of bismuth with deuterons. Both 
radium E, resulting from the (d,p) 
reaction, as mentioned earlier, and 
radium F, from the (d,n) process, are 
obtained simultaneously at moderate 
(7 to 10 MeV) deuteron energies. At 
high energies, e.g., over 50 MeV, the 
(d,n) reaction, like the (d,p) reaction, 
becomes a stripping process that does 
not involve compound nucleus forma- 
tion to any great extent. 

10.64. Because of the high nuclear 
potential energy barrier for alpha par- 
ticles, which increases with the atomic 
number of the target nucleus, reactions 
of the (d,a) type are observed only 
with deuterons of moderately high en- 
ergy and elements of fairly low atomic 
number. One example is 


Ca + 1D — 3K + He, 


and others are ®Li(d,a) *He, *Ne(d,a) 
5F, 2Mg(d;a)? Na, and **Ni(d,a)*Co. 

10.65. Although they have a low 
probability, like the analogous (p,d) 
reactions referred to in § 10.55, some 
instances are known of processes of the 
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(d,t) type, where ¢ represents the triton 
(§ 10.61 footnote). Among these are 
$Li + D  $Li + iT, 
31P(d,t)®°P, and ™Ag(d,t)!%Ag. An ex- 
ample of particular interest is the 
*Be(d,t)*Be reaction, since the bom- 
bardment of beryllium by 10-MeV 
deuterons has been used as a source 
of high-energy tritium nuclei (§ 10.68). 
10.66. When a deuteron is com- 
pletely captured to form a compound 
nucleus there is a considerable gain in 
energy, with the result that the extra 
nucleons are in virtual (rather than 
bound) states. The tendency for the 
excitation energy to be emitted as 
gamma radiation, in a radiative cap- 
ture (d,y) reaction, is consequently 
quite small. Nevertheless, a number of 
reactions of this type have been ob- 
served, although they-are generally in 
competition with (d,p) and (d,n) proc- 
esses which occur at the same time. 
10.67. When the energy of the in- 
cident deuterons is sufficiently high, 
e.g., about 20 MeV or more, the emis- 
sion of two or more nucleons (or other 
particles) becomes possible. Reactions 
of the following types, for example, are 
known: (d,2n), (d,38n), (d,2p), and 
(dpa). By increasing the energy of 
the projectile, more and more neutrons 
are expelled and the reactions become 
more complex, as will be seen shortly. 


TRANSMUTATION BY PARTICLES 
or Mass THREE 


10.68. With the availability of mod- 
erate quantities of tritium, the hydro- 
gen isotope of mass number three, and 
of helium-3, the helium isotope of the 
same mass number, considerable work 
has been done on nuclear reactions 
with these nuclei as projectiles. The 
first studies with accelerated tritons 
were made in 1943 by C. P. Baker, 
M.G. Holloway, L. D. P. King, and R. E. 
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Schreiber in connection with a war- 
time project at Purdue University. 
The experiments, with a gas contaih- 
ing only a very small proportion of 
tritium, were preliminary in nature, 
and were mainly concerned with re- 
actions involving light elements. In 
1948, M. L. Pool and D. N, Kundu, 
in the United States, used tritons, ob- 
tained by the action of 10-MeV deu- 
terons on beryllium (§ 10.66), as pro- 
jectiles in the bombardment of some 
heavier ions, e.g., *Co and Rh. The 
reactions observed were of the (ip) 
type, e.g., 
#Co + iT — $Co + IH. 


10.69. The (t,p) reactions, of which 
several are known, with tritons of mod- 
erate energies probably take place by 
a mechanism of the Oppenheimer- 
Phillips type (§ 10.57). The proton 
present in the triton is repelled by the 
target nucleus, leaving the two neu- 
trons to combine with the latter to 
form a compound nucleus. The Oppen- 
heimer-Phillips mechanism may also 
be operative in the (¢,d) reactions, such 
as *"Li(id)Li and ®Cu(t,d)*Cu, at 
moderate triton energies. Only one of 
the two neutrons of the triton is cap- 
tured by the target nucleus, the other 
remaining with the repelled proton as 
a deuteron. Processes of other types 
with accelerated tritons are *'S(t,n)**C], 
V Al(t,?He)"Mg, and "Li(t,a)*He, where 
the ejected particle is a neutron, a 
helium-3 nucleus, and an alpha par- 
ticle, respectively. The reaction of tri- 

tons with a deuterium target, i.e., 
*D(t,n)‘He, is, of course, identical with 
the reaction *T(d,n)*He, mentioned in 
8 10.62. 

10.70. In 1939, L. W. Alvarez and 
R. Cornog showed that the helium-3 
isotope was present to a very small 
extent in ordinary helium, by using the 
magnet of a cyclotron as the sepa- 
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rating device (§ 6.91). In these exper- 
iments they obtained evidence for the 
"Si(?He,p)'?P reaction. A process of 
the same type, namely, *D(*He,p)*He, 
was studied in 1943 by the Purdue 
group mentioned above, in which ac- 
celerated *He ions were used to bom- 
bard deuterium. More recently, other 
(He,p) reactions, e.g., *T(*He,p)'He* 
and *He(?He,p)*Li, have been observed. 
Among reactions of other types with 
helium-3 ions as projectiles, the fol- 
lowing may be mentioned as exam- 


ples: "N(*He;n)F, "C(Hed)N, 
CHet) N, *N(Hea)"N, and 
*He(*He,2p)*He. 


TRANSMUTATION BY ALPHA PARTICLES 


10.71. It will be recalled (§ 10.4) 
that Rutherford first observed in 1919 
the transmutation of the nitrogen nu- 
cleus as a result of interaction with 
alpha particles from . radioactive 
sources. The nuclear reaction he dis- 
covered was of the (a,p) type which is 
common with elements of low atomic 


number. As the latter increases, the '- 


potential barriers preventing the entry 
of the alpha particle and the emission 
of the proton become higher and the 
probability of the (a,p) process de- 
creases. With the availability of arti- 
ficially accelerated alpha particles 
(helium ions), however, this reaction, 
which Rutherford was not able to ob- 
serve for elements above potassium, 
has been detected for nuclei with high 
atomic numbers. e 

10.72. Although it was not realized 
until 1932, the (a,n) reaction, which, 
incidentally, led to the discovery of. 
the neutron (§ 2.117), frequently oc- 
curs at the same time as the (ap) 
change. An important example of an 
(a,n) transmutation is 


iBe + He — 9C + in, 
which provides a useful laboratory 
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source of neutrons; alpha particles of 
sufficient energy are obtained from 
various radioactive sources (8 11.14). 
By using energetic alpha particles, 
(an) reactions have been observed 
with the heaviest elements, including 
uranium and the artificial elements of 
higher atomic number (Chapter 16). 

10.73. When the energy of the alpha 
particle is large enough, two or more 
nucleons may be expelled in a nuclear 
reaction. With increasing energy of the 
projectile, processes of the (o,2n), 
(amp), (e,3n), (a,4n), (a,8np), ete., 
types have been detected, especially 
with target nuclei of medium and high 
mass number. Even more complex re- 
actions are possible, with alpha par- 
ticles of very high energy in the range 
of hundreds of million electron volts 
(§ 10.82 et seq.). 


TRANSMUTATIONS BY RADIATION 


10.74. By using the gamma radia- 
tion from thorium C, having an energy 
of 2.62 MeV, J. Chadwick and M. 
Goldhaber in England found in 1934 
that a deuterium nucleus could be dis- 
integrated into a neutron and a proton; 
thus, 

4D + y >H + in. 

Since the binding energy of a neutron 
and a proton is a little over 2 MeV, 
the gamma ray from thorium C has 
sufficient energy to break up the deu- 
terium nucleus, The binding energy of 
a neutron in beryllium of mass num- 
ber 9 is also low, and the same gamma 
radiation is able to cause the (yn) 
reaction 


{Be + y ^ {Be + an. 


-Reactions of this type, brought about 


by high-energy radiations, have been 


referred to as photodisintegrations or 
as photonuclear reactions, the prefix 
pholo implying light (or electromag- 
netic radiation) in the most general 
sense. The term nuclear photo-effect 
has also been used to describe the ac- 
tion of radiations on nuclei. 

10.75. In all elements, except the 
lightest, the energy required to remove 
a neutron from an atomic nucleus is 
about 8 MeV, and hence it is easy to 
understand why the gamma radiations 
from thorium C failed to cause any 
transmutations other than the two 
recorded above. When the 17-MeV 
radiations produced by the bombard- 
ment of lithium by protons were em- 
ployed, however, a number of nuclei 
exhibited photonuclear reactions of the 
(y,n) type. In fact, a neutron can be- 
removed from any nucleus by using 
gamma rays of sufficient energy, gen- 
erally not more than 10 MeV. On the 
other hand, if the energy of the gamma 
radiation is not sufficient to remove a 
neutron, the nucleus may enter one 
of its characteristic excited (bound) 
states; the excess energy is then emit- 
ted as radiation. Such a process may 
be described as being. of the (y,7’) 
type, where the energy of y’ is equal 
to or less than that of the incident 
y photon. Among the nuclides which 
have been obtained in this manner in 
excited states of moderate life (§ 10.150) 
are Kr, "Sr, Cb, and Hg. 

10.76, By allowing electrons of high 
energy, obtained’ by means of an ac- 
celerator, to fall on a tungsten target, 
X-rays, ie., bremsstrahlung (§ 4.75), 
of similar energy have been generated, 
and these have been used to produce 
a variety of nuclear processes. Reac- 
tions of the (ym) and (y,p) types* are 
most common at the lower energies, 


ki i ‘hi - differ from gamma rays in their origin only; 
It will be recalled that high-energy X-rays differ "i aye in pg in only 


for practical however, no 
i enS, rays had been em; 


tinction need be 
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but at higher energies (y,np), (y,2n), 
(y,n2p), (v,a), and others involving 
the ejection of two, three, or more par- 
ticles, have been observed. When high- 
energy X-rays interact with oxygen-16, 
one of the produets is apparently car- 
bon-11; this would imply that the re- 
action “O(y,3n2p)"C, in which five 
nucleons are ejected, has occurred. 
Disintegration into four alpha parti- 
cles has also been reported. Similarly, 
25-MeV gamma rays can break up'a 
carbon-12 nucleus into three alpha 
particles. 

10.77. In the interaction of gamma 
rays or X-rays with matter, some or 
all of the energy of the absorbed ra- 
diation is transferred to the target 
nucleus which is thus converted into a 
highly excited state resembling a com- 
pound nucleus. There may then be a 
redistribution of energy among the 
nucleons present, and when any one 
of them acquires sufficient energy it 
can escape from the excited nucleus. 
When the energy derived from the ra- 
diation is of the order of 10 MeV, only 
one nucleon, either a proton or a neu- 
tron, can be emitted, but when the 
energy is of the order of 100 MeV or 
more it is not surprising that: several 
nucleons are ejected. 


STRIPPING AND Pick-up REACTIONS 


10.78. A stripping reaction is one in 
which the target nucleus captures one 
or two (or occasionally three) nucleons 
from the incident particle without the 
formation of a compound nucleus as 
an intermediate stage. The remaining 
portion of the projectile, usually a pro- 
ton, neutron, or deuteron, continues 
on, with some deflection as a result of 
the interaction. Stripping reactions of 
several types, e.g., (d,p), (d,n), (tp), 
(t,d), and (a,p), are known to occur at 
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high particle energies with many dif- 
ferent nuclei. If the role of the projec- 
tile and the target nucleus are reversed, 
the result is a pick-up reaction; it is 
now the incident particle which re- 
moves one or two nucleons from the 
target nucleus. Reactions of this type 
are (p,d), (p,t), (p,*He), (d,t), and 
(d,*He). Many of the foregoing reac- 
tions can take place with projectiles of 
moderate energies by way of compound 
nucleus formation, but as the energy 
is increased the true stripping and 
pick-up processes become more impor- 
tant. As stated earlier, the Oppen- 
heimer-Phillips reaction is a stripping 
process which can occur at relatively 
low energies because it is aided by 
electrostatic repulsion. 

10.79. Stripping and pick-up reac- 
tions with incident particles of high 
energy, e.g., above about 50 MeV, in- 
volve what is called direct interaction, 
rather than compound nucleus forma- 
tion. One result of this difference is that 
the spatial distribution of the emitted 
particles is not isotropic as it is when 
a compound nucleus is the interme- 
diate stage (§ 10.41). There is a decided 
preference for the emitted particles to 
continue in the forward direction, i.e., 
in the same direction as the incident 
particles. Furthermore, the energies 
are higher than would be expected 
from an evaporation type of process. 

10.80. The deuteron, as indicated 
above, can suffer stripping in two dif- 
ferent ways: in one the target nucleus 
removes a neutron leaving a. proton, 
whereas in the other a proton is re- 
moved leaving a neutron. The partic- 
ular reaction that occurs depends on 
which will yield a resulting (recoil) 
nucleus of greater stability, and so it 
will vary from one target nucleus to 
another. The (d,n) reactions are of par- 
ticular interest as they are used as 4 
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energy (§§ 11.16, 11.92). 


Fission, SPALLATION, AND 
FRAGMENTATION REACTIONS 


10.81. In the fission process a nu- 
cleus, after interacting with a projec- 
tile particle, breaks up into two nuclei 
of roughly similar mass plus a few 
nucleons, almost invariably neutrons. 
By far the most important type of 
fission is that caused by neutrons, and 
this will be treated in Chapter 13, but 
fission can also be initiated by charged 
particles of high energy and these reac- 
tions will be discussed here. The dis- 
tinction is justified by the completely 
different nature of the reaction mech- 
anisms. Furthermore, the neutron fis- 
sion of interest is restricted to a few 
heavy nuclei, in the vicinity of ura- 
nium, whereas fission with energetic 
charged particles can occur with many 
nuclides of lower mass number. 

10.82. It was known before 1947 
that fission of the heavy nuclei ura- 
nium and thorium can be brought 
about by protons, deuterons, and alpha 
particles of moderately high energy, 
e.g., 30 MeV or less (§ 13.17), but in 
that year it was discovered at the 
University of California, Berkeley, 
that by using charged particles of 
higher energy it was possible to induce 
fission of several somewhat lighter nu- 
clei. Alpha particles of about 400 MeV 
energy can cause fission of bismuth, 
lead, thallium, platinum, and tanta- 
lum, and 200-MeV deuterons are sim- 
ilarly effective for bismuth, lead, and 
thallium. The lightest element that is 
definitely known to undergo fission by 
alpha particles is tantalum, atomic 
number 73; for lighter nuclei, the sit- 


number 


of another type of reaction to be 
described below.* 

10.83. In the process of fission, the 
target nucleus breaks into two frag- 
ments in many different ways; thus 
about 80 products, with mass numbers 
ranging from approximately 70 to 160, 
have been. detected in the fission of 
uranium-235. In the fission of tanta- 
lum-181 by high-energy protons, the 
masses of the product nuclei vary from 
about 60 to 120. The distribution of 
the products depends to some extent 
on the energy of the projectile par- 
ticles. At low energies, there is a tend- 
ency for the fission to be asymmetric, 
that is to say, the two nuclei formed 
in each act of fission usually have dif- 
ferent masses. Symmetrical fission, in 
which the target nucleus breaks up 
into two particles of equal (or approx- 
imately equal) mass, is relatively un- 
common under these conditions, At 
higher projectile energies, the distri- 
bution is fairly uniform over a consid- 
erable mass range; this means that 
both symmetric and various asym- 
metric fissions occur to about equal 
extents. 

10.84. Another type of reaction, dif- 
ferent from fission but also leading to 
many: different product nuclei, was 
discovered in 1947 by G. T. Seaborg, 
I. Perlman, and their associates at 
Berkeley. When bombarded by high- 
energy charged particles, e.g., 400- 
MeV protons or 200-MéV deuterons, 
many target nuclei do not break 
up into two parts of similar mass, 
as’ in fission. Instead, such’ nuclei 
emit various numbers of nucleons, 
commonly 10 to 20 and to a lesser 
extent up to 30 or more, singly or 
in clusters, leaving a series of, prod- 


i ied (2100 MeV) oxygen-16 and neon-20 ions cause fission of holmium (atomic 
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ucts with mass numbers lower than 
that of the target nucleus. The name 
spallation is used to describe this type 
of reaction.* Spallation is known to 
occur with many different nuclei from 
the lightest, e.g., magnesium, to the 
heaviest, by using charged particles 
with energies of several million electron 
volts. With the heavier elements, fis- 
sion and spallation often occur at the 
same time, as indicated by the masses 
of the product nuclei. In fission, these 
masses are always very much less than 
that of the target nuclei, but in spalla- 
tion, most of- the products have masses 
that differ from that of the target by 
up to 10 or 20 units, with smaller 
amounts of lighter products. The mass 
distribution of the products is the only 
way of distinguishing between fission 
and spallation, and this is why it is 
not always possible to say with cer- 
tainty whether elements lighter than 
tantalum undergo fission as well as 
spallation. 

10.85. It is not known to what ex- 
tent the nucleons expelled in the first 
stage of spallation are emitted as single 
particles, i.e., protons and neutrons, 
or as groups of nucleons, e.g., alpha 
particles or lithium nuclei. A non- 
committal method has been proposed, 
therefore, to represent spallation proc- 
esses. For example, when arsenic (33As) 
is bombarded by high-energy alpha 
particles ({He), one of the minor prod- 
ucts is chlorine of mass number 38, 
i.e., Cl. The net decrease in the num- 
ber of protons is thus 18 and that in 
the number of nucleons is 41; this par- 
tieular mode of spallation is then ex- 
pressed by $$As(o,18241a)9$Cl. Some 
writers use the equivalent representa- 
tion %As(a,9a23n)#Cl, but this may 
be misleading as it implies the emission 


* The VUE OE was first used b: 
meaning to bi up by chippi: off small 4 
by W. Hi Sullivan, ^ ^ 6 : 
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of nine alpha particles, which may or 


may not occur. 


10.86. The mechanism generally ac- ^ 


cepted for fission and spallation by 


charged particles of high energy is the’ 


one proposed by R. Serber at Berkeley — 


in 1947. It is suggested that the high- 


energy projectile enters the target nu- 


cleus and strikes a single nucleon; the — 


latter, known as a knock-on particle, 


may be ejected or it may strike another - 


nucleon, which may in turn be ejected 
or it may share its energy with other 
particles in the nucleus. The incident 


particle will still have enough energy — 


to strike and possibly eject another - 


nucleon, or again the energy may be 


shared, and so on. This stage of the ~ 


process is referred to as a cascade in 
which several knock-on nucleons may 


be expelled from the target nucleus. i 
When the cascade is over, as it is within — 


10-* sec or so, i.e., about the time 


required for the incident particle with , 


a velocity of roughly 101? cm per seo 


to travel across a nuclear diameter of — 


about 10-'? em, the remaining nucleus ] 
is left in a highly excited state. It is . 
similar to a compound nucleus formed — 


in a more conventional manner, but 


with a much larger amount of excess - 
energy. A distribution of energy then | 
occurs, over a period of about 107" . 


sec, and several individual nucleons 
(or small groups of nucleons) are emit- 
ted in a process of the evaporation 
type (§ 10.41). The result would then 
be a spallation reaction. Alternatively 


-and simultaneously, after expelling 4 


few nucleons, the excited nucleus may 
split into two parts in various ways, 
thus undergoing fission. t 

10.87. In reactions of some nuclei, 
particularly of medium or high mass 


number, with high-energy particles, — 


G. T. Seaborg, based on the verb “to spall,” 
ragments, which was suggested as appropriate 
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the products include finite quantities 
of nuclei with mass numbers from 18 
to 32, e.g., $F, Na, %Mg, and *?P. 
These are apparently too light to be 
either fission or spallation products. 
Reactions leading to the formation of 
such species are called nuclear frag- 
mentation. The explanation offered for 
such reactions is that, after the cas- 
cade stage mentioned above but before 
there hag been time for the energy to 
be distributed in the excited residual 
nucleus, a relatively large amount of 
energy may be concentrated in a lim- 
ited region of this nucleus. As a result, 
there is a rapid break-up of the latter 
leading to the formation of nuclei con- 
sisting of 20 or 30 nucleons. 

10.88. Among the products of high- 
energy nuclear reactions, there are 
often found nuclei with atomic num- 
bers and mass numbers a few units 
higher than those of the target nu- 
cleus. These are undoubtedly the result 
of secondary reactions. Helium or other 
nuclei ejected in the early stages of a 
spallation or other process evidently 
interact, with some of the remaining 
target nuclei to form*products with 
higher mass and atomic numbers. For 
example, &?I has been detected among 
the products of the spallation of tin, 
atomic number 50.and maximum mass 
number 124, by 335-MeV protons. 
The iodine-126-apparently results from 
the reaction of a lithium, atomic num- 
ber 3, nucleus with the target element, 
followed by the expulsion of some neu- 
trons. This seems to be the only way 
to account for the increase of three 
units in the atomie number. 


.NucugAR REACTIONS WITH 
Heavy Ions 


10.89. The first reactions with the 
so-called heavy ions, i.e., heavier than 
alpha particles, as projectiles were ob- 
served at Berkeley in 1950 with accel- 
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erated carbon ions and an aluminum 
target, viz, "Al("C,an)"Cl and 
’WAu(#C,4n)25At. Since that time 
nuclear reactions have been studied 
with such ions as lithium-6, carbon-12 
and-13, nitrogen-14, oxygen-16, neon- 
22, argon-40, and others. As a general 
rule, the particle energy is relatively 
high, e.g., about 10 MeV per nucleon 
(89.157). The reactions may be di- 
vided into three broad categories. 

10.90. The first type, called transfer 
reactions, involves the transfer of a 
nucleon (ór a few nucleons) from one 
nucleus to the other. For example, the 
bombardment of a nitrogen target with 
high-energy nitrogen ions leads to the 
reactions 


YN + YN YN + 7 
and 
YN + ¥N > EC + YO. 


In the first, a neutron is transferred 
from one nitrogen nucleus to the other, 
whereas in the second, a proton is 
transferred. In a somewhat similar re- 
action, but with nuclei which differ, i.e., 


XN + YB — ?N + 9B, 


a neutron is transferred from the 
nitrogen (projectile) to the boron 
(target) nucleus. In the reaction 
TA](4N,*N)5Al two neutrons are 
transferred from the target to the 
projectile, A process somewhat re- 
lated to transfer reactions is the ex- 
change of one nucleon for another 
between the projectile and target, e.g., 
ZAI(4N,40)"Mg; here the target nu- 
cleus takes a neutron from the projec- 
tile while the latter removes a proton 
from the target. These transfer and 
exchange reactions are somewhat sim- 
ilar to the stripping and pick-up proc- 
esses described in § 10.78 et seg., and 
probably occur by an analogous direct 
mechanism. 


z 
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10,91. The second class of reactions 
with accelerated. heavy ions appar- 
ently involves compound nucleus for- 
mation; two, three, four, or more par- 
ticles, mostly neutrons sometimés 
accompanied by one or two protons 

, or alpha particles, are then evaporated 
from the excited nucleus. As a general 
rule, the higher the energy of the pro- 
jectile, the larger the number of par- 
ticles expelled. The earliest observed 
heavy-particle reactions, mentioned in 
§ 10.89, were examples of reactions of 
this type; others are $'V(!*0,2n)'*Ga, 
93Nb(2C,2n)!* Ag, 2580 (14N a 5n)! Bk, 
and *5U("C,6n)*"Cf, where Bk and 
Cf, are the symbols for the elements 
berkelium (atomic number 97) and 
californium (atomic number 98), re- 
speetively, which do not occur in na- 
ture. Such reactions, using heavy-ion 
projectiles and target nuclei of high 
mass number and atomic number, are 
of special interest for the production 
of new elements, as will be explained 
more fully in Chapter 16. 

10.92. A number of reactions of dif- 
ferent types are grouped together in 
the third category; the feature they 
have in common is that several differ- 
ent nuclear produets are obtained. Fis- 
sion, spallation, and fragmentation 
reactions, especially of the heavier el- 
ements, are included in this category. 
Mention may also be made of another 
kind of reaction which has been ob- 
served with target nuclei of moderate 
mass nurnber; for example, the prod- 
ucts of the interaction of 125-MeV 
nitrogen ions with aluminum (AI) 
range from '?C to 8K. It is probable 
that at least two different processes 
take place simultaneously. In the first 
place, a highly excited compound nu- 
cleus of mass number 41 may form 
and then eject three nucleons, i.e., 


TAL + YN > iH + 2in + SE, 
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to yield *K. Similar reactions, perhaps - 
involving the emission of alpha par 
ticles, can lead to *'Si and other nuclei 
in the same mass region. The lighter ! 
nuclear products presumably arise in 
a different manner. If the disintegras - 
tion energy of the nitrogen nucleus 
into three helium nuclei, a proton, and 
& neutron is less than the electrostatic - 
barrier between the projectile and the - 
target nucleus, as may well be the 
case, electrostatic repulsion could split 
the nitrogen nucleus in this manner. 
The target is then struck by what has 
been referred to as a “buckshot 
charge" of lighter projectiles. Reac- j 
tions with these particles could lead - 
to a number of products with mass. 
numbers less than the target nucleus. 
10.93. The possibility of nuclear 
disintegration by heavy ions of suffi- 
ciently high energy has been dem- 
onstrated by the formation of “stars” 
in nuclear emulsions (§ 19.82). One of 
the nuclei in the emulsion, probably ` 
either silver or bromine, captures the - 
bombarding ion and the resulting nu- 
cleus breaks up into a number of par- - 
ticles, each of which produces a track, 
like the prong of a star. In one well- - 
defined instance, capture of a 750-MeV - 
carbon ion led to the formation of &: 
nine-pronged star. From the nature 0! 
the tracks, it was concluded that two 
of the particles emitted were protons, 
two alpha particles, and one possibly 8 - 
lithium ‘ion; the others were not iden- : 
tified. E 


SCATTERING: ELASTIC AND INELASTIC 


10.94. In the process of scattering, 
the projectile and target nucleus re- . 
main unaltered in nature at the end of | 


‘the interaction, although there is 


usually an exchange of energy. The 
name scattering (cf. § 4.7) arises from 
the fact that, as a result of the inter- . 
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action, the direction of motion of the 
incident particle is changed. Two gen- 
eral types of scattering must be distin- 
guished, namely, elastic and inelastic. 
In elastic scattering there is merely an 
exchange of kinetic energy, i.e., energy 
of motion, between the projectile and 
the target nucleus; in other words, all 
that is changed in an elastic scattering 
collision is the direction of motion and 


* velocity of the interacting particles. 


Both kinetic energy and momentum 
are conserved in elastic scattering. 
10.95. For charged-particle projec- 


tiles of low energy, well below the 


height of the electrostatic (Coulomb) 
barrier of the target nucleus, elastic 
scattering is due almost entirely to 
electrical forces; this is consequently 
referred to as Coulomb scattering or as 
Rutherford scattering because it is the 
type of scattering of alpha particles 
studied by Rutherford and his asso- 
ciates (84.7 et seg.). At somewhat 
higher energies of the incident particle, 
wave-mechanical penetration (or tun- 
neling) of the barrier becomes signif- 
icant, and then nuclear forces make 
some contribution to the elastic scat- 
tering. Finally, there is a possibility 
that a compound nucleus may form by 
combination of the projectile and tar- 
get; a particle of the same kind as the 
projectile is then emitted without 
causing any change other than in the 
kinetic energy of the nucleus. This is 
also a type of elastic scattering. In 
general, elastic scattering can occur 
with particles (charged and uncharged) 
of all energies, although the extent and 
mechanism varies with the energy and 
with the nature of the target nucleus. 

10.96. In inelastic scattering the 
resultant nucleus is unchanged in com- 
position, i.e., it has the same numbers 
of neutrons and protons as before inter- 
action, but it is in an excited state of 
higher internal energy. In reactions of 
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this type, part of the kinetic energy 
of the incident particle is converted 
into internal (potential) energy of the 
target; thus, kinetic energy is not con- 
served in inelastic scattering. As with 
elastic scattering, inelastic scattering 
may occur as a result of electro- 
static interaction between the positive 
charges of the incident particle and 
the target nucleus. The latter may 
thus acquire sufficient energy to pro- 
duce a definite (bound) excited state. 
This type of interaction is often called 
Coulomb (or electrostatic) excitation; it 
is fairly common with incident charged 
particles of fairly high energy but not 
enough to penetrate the barrier which 
inhibits entry into the target nucleus. 
If barrier penetration occurs and the 
target nucleus captures the projectile 
to form a compound nucleus, the latter 
may expel a particle of the same type 
as the projectile, but with a lower 
energy than initially, leaving the nu- 
cleus in an excited (bound) state. No 
matter how it is formed, the excited 
nucleus will subsequently emit its 
excess energy as gamma radiation, 
known as inelastic scattering gamma 
rays. Inelastic scattering is represented 
symbolically, for example with pro- 
tons as the incident particles, by (p,p') 
or (p,py), the p' implying the emission 
of a proton with less energy than the 
incident proton. 

10.97. Whereas elastic scattering is 
a general phenomenon, occurring with 
particles of all energies, inelastic scat- 
tering is specific. The essential require- 
ment is that the incident particle have 
a higher energy than the first (acces- 
sible) excited level of the target nu- 
cleus, and this may range from about 
0.1 MeV to several million electron 
volts. If this condition is not satisfied, 
inelastic scattering cannot possibly oc- 
cur. Thus, whether it takes place or 
not depends on the energy of the 
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projectile and the nature of the target 
nucleus. 


NucLEAR REACTION Cross 
SECTIONS 


10.98. The probability or  (effi- 
ciency) of a nuclear reaction can be 
defined in terms of the number of 
particles emitted (or of nuclei under- 
going transmutation) for a specified 
number of incident particles. A more 
general consistent method, which is 
universally employed, is to express the 
interaction probability by means of a 
quantity called the nuclear cross sec- 
tion. It represents the effective area 
of cross section of a single nucleus of 
a given species for a particular reac- 
tion. Thus, when the probability of the 
process is high, the so-called nuclear 
cross section will be large; on the other 
hand, when the probability is low, the 
cross section will be small. 

10.99. If 7 is the number of incident 
particles striking in a given time a 
certain area of target material, con- 
taining Na target nuclei per sq cm, 
and A is the number of these nuclei 
that undergo interaction in the speci- 
fied time, then the nuclear cross sec- 
tion c,* expressed as sq cm per nucleus, 
is defined by 


A 
c= NI sq cm per nucleus. (10.1) 


10.100. The description of c as a nu- 
clear cross section may be justified in 
the following manner. Suppose c sq 
cm is actually the:area per nucleus 
effective for a given transmutation 
process; since the material of the tar- 
get surface contains W, nuclei (or 
atoms) per sq cm, the effective area 
per sq em of total surface is conse- 
quently cV, sq cm. In other words, 
oN, is the fraction of the surface which 


* Greek sigma; this symbol is invariably used to represent nuclear reaction cross sections. : 
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is capable of taking part in the nu- 
clear reaction. This also represents the 
fraction of the incident particles T 
falling on the target surface which will 
be involved in the process. The num: 
ber actually reacting is thus oN./, and 
this will be equal to A, the number of. 
target nuclei undergoing transmuta- 
tion, so that i 


A = oN. 


Comparison of this result with equa- 
tion (10.1), which provides the formal 
definition of c, shows the two to be 
identical. Hence, it is justifiable to 
regard g as the effective cross section 
of a single nucleus for a given nuclear. 
reaction. 

10.101. Since A is the number of tar 
get nuclei reacting, whereas Wa is the 
total number of such nuclei per 8q 
cm, the quantity A/N, is the number 
of nuclei, and hence of incident par-- 
ticles, taking part in the process per 
single target nucleus. Upon dividing 
by the total number J of particles fall- 
ing on the target, the result A/Nol, 
which is equal to 2, by equation (10.1), — 
is the fraction of the particles falling 
on the target that interact with a” 
single nucleus. This represents a useful b 
alternative definition of the cross set- 
tion which brings out its relationship 
to the probability of the nuclear reat- " 
tion; obviously, the larger the fraction ^ 
of the incident particles reacting, the 
greater is the probability that the - 
process will occur under the given - 
conditions. 

10.102. The value of the nuclear 1 
cross section depends not only on the - 
nature of the target element, but also 
on the particular reaction under con- - 
sideration and the energy of the inci- j 
dent particle. A given nucleus, such aS ~ 
"Li, for example, will in general have - 
different cross sections for the reat- 
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tions "Li(p)'Be and ‘“Li(p,a)*He, 
which may occur simultaneously. The 
values represent the probabilities of 
the two processes for protons of a spec- 
ified energy, and the ratio will usually 
change with the energy of the incident 
particles. 

10.103. When the nuclear cross sec- 
tion for a particular reaction is re- 
quired, it is necessary to determine the 
number of nuclei taking part, either 
by counting the particles, such as neu- 
trons or alpha particles, respectively, 
which are expelled, or by determining 
the number of product nuclei formed. 
Both of these methods have been used 
in different instances. On the other 
hand, if it is sufficient to know the 
total nuclear cross section for all proc- 
esses in which the incident particles 
are removed, a simple procedure is 
possible. If Zo is the number of inci- 
dent particles, in a narrow (or col- 
limated) beam, falling in a given time 
on the target material, which is in the 
form of a sheet of thickness z em, and 
I is the corresponding number of these 
particles emerging from the other side 
of the sheet in the narrow beam, the 
difference Io — I has been removed in 
various nuclear reactions; then 


L oL gue 
=€ 
Io : 


(10.2) 


where N is the number of target nu- 
clei per ce, e is the base of natural 
logarithms, and c is the total nuclear 
cross section. Hence, it is possible to 
determine the latter from measure- 
ments of the intensity of the beam of 
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incident particles before and after pas- 
sage through the target material.* 
10.104. Experimental values for nu- 
clear cross sections are usually in the 
vicinity of 10 to 10-?' sq cm per 
nucleus, although in exceptional cases 
the results may be extremely smallf 
or they may be as high as 10-7!* sq 
em per nucleus. The average diameter 
of a nucleus can be taken to be about 
10-1? cm, and so the actual area of 
cross section is approximately 10-** 
sq em. Since this represents the order 
of magnitude of many nuclear reac- 
tion cross sections, a unit, called a 
barn, equal to 107?* sq cm per nucleus, 
has been adopted i Thus, nuclear 
cross sections are frequently in the 
range of 0.1 to 10 barns, but they are 
known to vary from 10-* (or less) to 
10° barns for different reactions. 
10.105. A curve showing the varia- 
tion of the cross section for a given 
reaction with the energy of the inci- 
dent particle is called the excitation 
function of that reaction. An interest- 
ing group of excitation functions for 
the interaction of copper-63 with pro- 
tons in the energy range up to 35 MeV 
is shown in Fig. 10.4. The curves ia- 
dicate that at the lowest energies the 
(p,n) reaction predominates; at about 
15 MeV the (p,pn) and (p,2n) reac- 
tions start to replace the (p,n) process. 
At energies above 22 MeV, (p,p2n) 
becomes significant. It will be noted 
that, for a given proton energy, the 
(p,pn) reaction is more probable than 
the (p,2n) process. The reason is that 
the product of the former, copper-62, 
is more stable than that of the latter 


* For further details, and the arrangements necessary for the inclusion or exclusion of 


scattering, see $ 11.69 et seq. 


+ Values down to 107 sq cm per nucleus have been measured, but smaller values un- 


doubtedly occur. 


1 The term "barn" was proposed in 1942 by the American physicists M. G. Holloway and 
C. P. Baker, as the result of a broady humorous association of ideas. It served the purpose 
of a code word, which was desirable at the time, and seemed appropriate because “a cross 


section of 10-* sq cm for nuclear processes was 


port, LAMS 523). 


really as big as a barn" (Los Alamos Re- 
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reaction, zinc-62. In fact, zine-62, 


which is radioactive, decays into 


copper-62. 
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Fig. 10.4. Cross sections for various reac- 
tions of protons with Copper-63 as a func- 
tion of energy, 


THRESHOLD ENERGY 


10.106. Certain nuclear reactions, 
such as the "Li(p,a)*He reaction dis- 
covered by Cockcroft and Walton 
($10.21), can be detected with incident 
particles of low energies, down to 0.125 
MeV (or less), although the cross sec- 
tion increases markedly with increasing 
energy. On the other hand, some nu- 
clear processes, for example'Li(p,n)'Be, 
are quite undetectable until the energy 
of the projectiles exceeds a certain min- 
imum value. In reactions of the latter 
type there is said to be a threshold 
energy, below which the Process can- 
not take place. The reason for the 
existence of such a threshold for the 
energy is not difficult to understand. 
If the nuclear reaction energy, i.e., the 
Q value, for a given process is nega- 
tive, then this particular reaction can- 
not possibly take place unless an 
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amount of energy Q, at least, is sup- 
plied from an external source. The 
source is, of course, the incident parti- 


l 


; 


cle, which must carry with it the reg — 


uisite nuclear reaction energy if the 
given process is to be possible. 
10.107. The threshold energy in such 
cases is somewhat larger, numerically, 
than the reaction energy, the differ- 


ence being the energy of the ejected — 


particle and of the recoil nucleus, re- 


quired for the conservation of momen- 1 


tum. For instance, the value of Q for 
the ’Li(p,n)’Be reaction is about —1.6 
MeV, and the minimum energy which 
the protons must have for this process 
to be observed has been found to be 


1.86 MeV. The neutron is evidently. — 


expelled with about 0.2 MeV energy, 


and the residual beryllium nucleus car- ] 


ries off a smaller amount. However, 
if the potential barrier for a particular 
reaction should happen to be much 
higher than the reaction energy, the 
threshold energy may greatly exceed 
the Q value. 

10.108. Nuclear reactions of the 
(pn), (yn), and (y,p) types, as well 
as reactions in which two or more par- 


ticles are emitted, such as (p,2n) and 


(p,pn), almost invariably have nega- 
tive Q values and hence exhibit def- 
inite energy thresholds. When the en- 
ergy of the incident particle or radia- 
tion exceeds this amount, the cross 
Section for the process increases rapidly 
with energy, provided no other reac- 
tions are possible. The excitation func- 
tions in Fig. 10.4 illustrate this type 
of behavior. The (p,n) reaction with 
Copper-63, for example, has a thresh- 
old energy for protons of about 3 MeV. 
The cross section then increases to 13 
MeV when other reactions become 
significant. 

10.109. For reactions having pos- 
itive Q values, there may be detectable 
Cross sections at low projectile energies 
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if the potential energy barrier, either 
for the incident or for the emitted par- 
ticles, is not high. If the barrier is high, 
there may be an apparent threshold 
energy, but it will probably not be 
very definite. In all cases, whether 
there is a threshold or not, the cross 
section for a given nuclear process in- 
creases with the energy of the incident 
charged particle, provided there is no 
competitive reaction. Almost invar- 
iably, however, competing reactions 
cause the cross sections to decrease at 
high energies (cf. Fig. 10.4). 


RESONANCE AND ENERGY LEVELS 


10.110. In some instances it has 
been observed that, instead of increas- 
ing regularly with increasing energy 
of the projectile, the cross section for 
the process becomes exceptionally high 
in the region of certain particular en- 
ergies (Fig. 10.5). In the 77Al(a p)*°Si 


J 


CHARGED- PARTICLE ENERGY 


Fig. 10.5. Typical resonances in charged- 
particle reactions. 


CROSS SECTION 


reaction, for example, the cross sec- 
tions inerease with the energy of the 
alpha particles, but for energies of 4.0, 
4.49, 4.86, 5.25, 5.75, and 6.61 MeV 
the values are markedly in excess of 
the general trend. This effect, which 
was predicted by the English physicist 
R. W. Gurney in 1929, is ascribed to 
a phenomenon known as wave-mechan- 
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ical resonance.* If the energy of the 
compound nucleus happens to cor- 
respond fairly closely to one of its 
excited energy levels, then there is an 
increased probability that the com- 
pound nucleus will be formed. In other 
words, when this energy condition 
exists, the incident particle has an ex- 
ceptionally high probability of pen- 
etrating the potential energy barrier 
which resists its entry into the target 
nucleus. The alpha-particle energies 
recorded above, for which the cross 
sections in the ?/Al(a,p)*°Si reaction are 
high, are presumably the resonance 
energies .corresponding to the energy 
levels in the compound nucleus. It will 
be seen in Chapter 11 that the reso- 
nance phenomenon is particularly 
common, .as well as exceptionally im- 
portant, in reactions of the (n,y) type. 

10.111. A study of the ranges of the 
particles emitted in nuclear reactions 
has revealed the fact that they do not 
necessarily all have the same range 
and, hence, the same energy. In some 
cases the particles are liberated in two 
or more groups; those in each group 
have the same energy, but the energies 
of the various groups are different. In 
the B(a,p)C reaction five groups of 
protons have been detected, and in 
TAl(a,p)' Si four such groups have 
been observed. It is probable that the 


| emission of each group of protons 


leaves the product nucleus in a differ- 
ent energy state. When the protons of 
maximum energy are expelled, the 
product is presumably in its lowest 
nuclear energy level, i.e., in the ground © 
state. Each group with successively 
smaller energy corresponds to a suc- 
cessively higher energy level of the 
product nucleus. When the latter is in 
one of these excited states it will return 


* The term is used in this connection because of the analogy with the phenomenon, which 


physicists call resonance, whereby energy can be 
frequency. 


another having the same vibration 


from one vibrating system to 
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to the ground state emitting, at the 
same time, gamma radiation. If the 
arguments presented here are correct, 
the energy of the radiation should cor- 
respond to the difference in energy of 
two proton groups. By studying the 
recoil electrons produced by the radia- 
tion (8 7.5), this expectation has been 
confirmed. 

10.112. The results described above 
provide information concerning the 
energy levels of the compound nucleus 
and of the product nucleus, respec- 
tively: Advantage has also been taken 
of nuclear excitation Processes, caused 
by inelastic scattering of charged par- 


ARTIFICIAL RADIOACTIVITY 


Raproacrivp Propucts OF 
NUCLEAR PROocEssES 


10.113. In the earlier experiments on 
nuclear transmutation, the process oc- 
curring was usually inferred from the 
nature of the emitted particle, special 
use being made of cloud-chamber pho- 
tographs in this connection. Because 
nuclear reactions produce such small 
quantities compared with those in- 
volved in most chemical work, the 
identity of the product could not be 
determined by conventional methods. 
Even mass-spectrometer procedures 
were hardly adequate to deal with the 
minute amounts of product that were 
usually obtained in nuclear processes. 
It was fortunate, therefore, that a 
notable discovery made it possible to 
identify, in many cases, the products 
of nuclear reactions even when they 
were obtained in amounts which, if 
Separated; would not have been visible 
under a microscope. 

10.114. In the course of a study of 
the effect of alpha particles, from the 
naturally occurring radioelement polo- 
nium, on the nuclei of certain light 
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ticles (or neutrons), to provide infor- 
mation concerning the energy: levels of 
many nuclei. The excited nuclear state 
formed may be extremely unstable, go - 
that it loses its additional energy al- 
most instantaneously, or it may exist | 
for an appreciable time (§ 10.151). In 
any event, the excess energy is ul- 
timately emitted as one or more pho- | 
tons of gamma radiation. The energies - 
of these rays, as determined directly 
or from internal conversion electrons _ 
(§ 8.103), are related to the energy 
levels of the nucleus, just as for the 
gamma rays accompanying radio- 
active changes (see Fig. 8.10). 


elements, boron, magnesium, and alu- | 
minum, in particular, I. Joliot-Curie - 
and her husband, F, Joliot, to whose 
work reference was made in Chapter 2 ; 
(88 2.75, 2.117), found that, in addi 
tion to protons, there was an emission 
of neutrons and positrons (positive 1 
electrons). This result was not at all 
extraordinary, since the nuclear proc- ; 
ess appeared to be essentially of the ` 
(a,p) type discovered by Rutherford, — 
and a neutron and a positron could — 
together be regarded as the equivalent’ F 
of a proton. But, early in 1934, the 4 
surprising fact was noted that, al- 
- 


though the formation of protons and. 
neutrons ceased when the source of 
alpha particles was removed, the posi- 
trons continued to be emitted. Report- 
ing on their results, Joliot-Curie and 
Joliot wrote: “Our latest experiments | 
have shown a very striking fact; when 
an aluminum foil is irradiated . . - 
[with alpha particles], the emission of 
positrons does not cease immediately 
when . . . [the source of the alpha par 
ticles] is removed. The foil remains — 
radioactive and the emission of radia- 
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tion decays exponentially as for an 
ordinary [naturally occurring] radio- 
element. We observed the same phe- 
nomenon with boron and magnesium. 
... The transmutation of boron, 
magnesium and aluminum by alpha 
particles has given birth to new radio- 
elements emitting positrons. . . . It is 
probable that . . . [these species] are 
unknown isotopes which are always 
unstable."* 

10.115. According to the Joliots, the 
nuclear process was actually of the 
(a,n) type, so that in the interaction 
of alpha particles with aluminum, for 
example, the reaction occurring was 


HAL + He — BP + in. 


The ¥P isotepe of phosphorus ob- 
tained in this manner, which is not 
found in nature, would then be the 
radioactive species which decays with 
the emission of a positron. The latter 
is represented by the symbol +fe, since 
it has a single positive charge but a 
virtually zero mass, and so the decay 
process would be 


WP — te + NSi, 


the final product being "Si, a stable, 
naturally occurring isotope of silicon. 

10.116. In order to confirm this sug- 
gested mechanism, aluminum foil was 
exposed to alpha particles, and then 
dissolved in hydrochloric acid solu- 
tion. The hydrogen gas evolved was 
found to carry with it the positron 
emitting activity, presumably in the 
form of phosphine (PH;) containing 
the radioactive phosphorus. Further, 
when the irradiated aluminum was 
dissolved in a mixture of hydrochloric 
and nitric acids, a small quantity of 
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sodium phosphate added as carrier 
(85.29), and then a zirconium salt, 
the precipitate of zirconium phosphate 
carried with it the radioactivity. The 
unstable species, which gives off posi- 
trons, hence appears wherever phos- 
phorus, in the form of the appropriate 
compound, is to be expected. It is thus 
reasonably certain that the reaction 
of alpha particles on aluminum is of 
the (a,n) type, the product being an 
unstable isotope of phosphorus decay- 
ing at a measurable rate. Similar trans- 
mutations occur with boron and mag- 
nesium, the products being radioactive 
nitrogen (!*N) and silicon (Si), respec- 
tively. 

10.117. When the phenomenon of 
artificial radioactivity, as it is called, 
was first discovered, Joliot-Curie and 
Joliot suggested distinguishing the un- 
stable isotopes by the use of the prefix 
radio, with the name of the corre- 
sponding element; for example, radio- 
phosphorus, radionitrogen, and radio- 
silicon. But this nomenclature, al- 
though still in use to some extent, has 
proved inadequate because many ele- 
ments exist in several different radio- 
active forms. It is consequently the 
present praetice to identify a radio- 
nuclide by giving its half-life period 
(8 5.46) and its mass number, in ad- 
dition to its name or symbol. Thus, 
the radionitrogen obtained by the 
interaction of alpha particles with 
boron would be described as 10.0-min 
13N, since its half-life is 10.0 min and 
its mass number is 13. It may be 
mentioned in this connection that the 
Joliots found the radioactivity of the 
substances obtained by nuclear bom- 
bardment to decay in an exponential 
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manner, just as for the naturally oc- 
curring radioelements. It is thus pos- 
sible to assign a half-life to each 
species, and these have the general 
significance described in Chapter 5. 
10.118. In addition to bringing to 
light the existence of radioactive iso- 
topes, commonly referred to as radio- 
isotopes, of normally stable elements, 
the work described above was impor- 
tant for another reason. As its authors 
pointed out: ‘These experiments give 
the first chemical proof of artificial 
transmutation, and also proof of the 
capture of the alpha particle in these 
reactions," Evidence for nuclear reac- 
tions had previously been based largely 
on cloud-track photographs, and the 
nature of the product had to be in- 
ferred. When the latter is radioactive, 
however, it can be identified posi- 
tively, and the mechanism of the proc- 
ess can be definitely established. Al- 
though the product is obtained in 
infinitesimal amounts, its path in 
chemical reactions can be followed by 
its radioactivity. Since it is an isotope 
of a familiar element, and hence has 
chemical properties which are virtually 
identical with the known properties 
of this element, its identification is a 
relatively simple matter. An indication 
of the procedure in the case of radio- 
phosphorus was recorded above, and 
other instances will be given later. 
10.119. The announcement of the 
formation of artificial radioisotopes of 
normally stable elements of low atomic 
number, as the products of alpha-par- 
ticle bombardment, naturally aroused 
considerable interest among physicists 
in all parts of the world. In addition 
to confirming the results reported by 
the French scientists, it was soon 
found by others, as the Joliots had 
predicted, that radioactive nuclides 
were formed in many nuclear reactions. 
Since 1934, a total of well over a thou- 
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sand different radioactive isotopes 
have been obtained as a result of a 
variety of nuclear processes, including 
fission and spallation. In addition, the 
elements of atomic number 43 and 61, 
which are not known to exist as stable 
nuclides, have been isolated in radio- 
active forms. Several elements beyond 
uranium in the periodic system ($ 1.49), 
which may have once existed in nature 
but have now decayed almost com- 
pletely, have been prepared, one of 
them, plutonium, in relatively large 
quantities. 


IDENTIFICATION OF RADIOISOTOPES 


10.120. When one or more radioac- 
tive nuclides have been produced as a 
result of a nuclear reaction, it is re- 


quired to identify the element with, 


which each is isotopic, and then to 
assign its proper mass number. If sev- 
eral active substances are formed, as 
in fission and spallation processes, & 
partial or complete separation is neces- 
sary. In any event, it is frequently 
desirable to separate a product from 
the target element in order to obtain 
material of higher specific activity, i.e., 
with a greater activity per unit mass 
(8 17.21). The methods of separation, 
which are quite similar to those em- 
ployed for the natural radioelements 
(§ 5.29), will be referred to again later 
in connection with the identification 
of the products of nuclear fission 
(§ 13.87). For the present, all that is 
necessary is to suppose that the active 
material to be studied is available in 
& form in which the radioactivity is 
definite enough to be measurable, and 
that if more than one substance i$ 
present, the half-lives are such that 
each can be distinguished from the 
other. These requirements are not too 
exacting, and are usually met without 
difficulty, except when fission and 
spallation products are involved. 


| 
| 
] 
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10.121. The material having been 
secured in suitable form, the next step 
is to study the rate of decay, so that 
the particular species, characterized 
by its half-life, may be identified. For 
this purpose a suitable radiation 
counter, as described in Chapter 7, is 
used. High-speed positrons, expelled 
from some artificially radioactive nu- 
clei, produce ionization in their path, 
just as do electrons, thus they can be 
counted in the same manner. Since 
many artificial radionuclides have half- 
lives which are neither extremely short 
nor excessively long, they can gen- 
erally be evaluated by plotting the 
logarithm of the counting rate, deter- 
mined after various intervals of time, 
against the time, as indicated in § 5.51 
and illustrated in Fig. 5.3. If the sub- 
stance under examination contains two 
or more active species, each can be 
identified by its half-life, provided the 
values are sufficiently different. 

10.122. Since the half-life is a def- 
inite property of a particular nuclide 
which is independent of its physical 
condition or of its state of combination, 
it provides a virtually infallible means 
for keeping track of the given species 
through a series of physical and chem- 
ical processes. If the radioisotope emits 
gamma rays, it is possible to use these 
radiations of definite energy as a means 
of identification with the aid of a suit- 
able detector and pulse-height ana- 
lyzer (87.42). Because radiation 
counters ean record individual par- 
ticles emitted by radioactive elements, 
the latter can be detected in quantities 
as small as 10? gram or less (§ 17.19). 
Such amounts are, of course, far be- 
yond the reach of ordinary conven- 
tional analytical procedures. 

10.123. In order to determine the 
particular element with which the ac- 
tive species is isotopic, the experimen- 
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tal material is dissolved in a suitable 
manner, and stable compounds of two 
or three suspected elements are added 
to the solution. One or other of these 
elements should be isotopic with the 
radioactive substance, and hence 
should act as a carrier (§ 5.29) for it, 
since their properties will be identical. 
Familiar chemical and physical meth- 
ods of separating the elements are then 
applied, and the behavior of the active 
material can be readily traced by deter- 
mining the radioactivity of various 
parts of the system during the course 
of separation. 

10.124, The procedure may be illus- 
trated by means of a simple example.* 
A sheet of iron was bombarded with 
5.5-MeV deuterons, when it was ob- 
served to develop a beta-particle ac- 
tivity with a half-life of 45 days. The 
active species might possibly be iso- 
topic with the target material, iron, 
if the transmutation process were of 
the (d,p) type, or it might be a form 
of manganese, resulting from a (dja) 
process, or of cobalt, if the nuclear 
reaction were of the (d,n) type. Hence, 
after exposure to deuterons, the iron 
sheet was dissolved in hydrochloric 
acid and oxidized to the ferric state 
by means of nitric acid. Small amounts 
of manganous and cobalt chlorides 
were added so that the solution con- 
tained manganese, iron, and cobalt. It 
was then necessary to find with which 
of these elements the 45-day activity 
would be associated when separated 
from the others. The solution was 
acidified with concentrated hydro- 
chloric acid and extracted with ether, 
which is able to dissolve the ferric 
chloride but not the chlorides of co- 
balt and manganese. The activity was 
found to pass into the ether solution, 
indicating that the radioactive species 
was isotopie with iron. After extract- 


* Another case of a somewhat different type is described in § 10.149 et seg. 
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ing the solution several times with 
hydrochloric acid, to remove all traces 
of manganese and cobalt, the ferric 
chloride was converted into solid ferric 
oxide and the half-life of the activity 
determined. It was found to be 45 
days, as in the original material after 
bombardment, and so the active prod- 
uct was in all probability an isotope 
of iron. 

10.125. Now the element has been 
identified, it is necessary to consider 
the more difficult task of determining 
its mass number. When appreciable 
quantities of material are available, as 
is sometimes the case, mass spectrom- 
eter methods can be used successfully 
to yield unequivocal results. In other 
instances, however, indirect procedures 
must be adopted. The so-called cross 
bombardment method generally em- 
ployed is to try to obtain the particular 
species by a number of different nu- 
clear reactions; from the results it is 
often possible to infer the mass num- 
ber of the active nuclide. For example, 
in order to assign a mass number to 
the 45-day isotope of iron, cobalt ox- 
ide was exposed to the action of neu- 
trons of moderate energy, when it was 
observed that a 45-day beta activity 
developed. Upon dissolving the result- 
ing material in hydrochloric acid and 
adding ferric and manganous chlorides, 
it was found that the activity could 
be extracted together with the ferric 
chloride by means of ether, as de- 
scribed above. It is evident, therefore, 
that deuteron bombardment of a 
stable isotope of iron, and neutron 
bombardment of a stable isotope of 
cobalt, produce the same radioisotope 
of iron, 

10.126. The process occurring in the 
former case must be of the (d,p) type, 
as stated above, since the atomic num- 
ber remains unchanged; therefore, it 
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follows that the mass number of the - 


product must exceed that of the target — 


nucleus by unity. The stable isotopes 
of iron have mass numbers of 54, 56, 


57, and 58, and so the respective prod- — 


ucts of the (d,p) reaction would have 
masses of 55, 57, 58, and 59. Since the 
mass numbers 57 and 58 are those of 
stable isotopes of iron, it follows that 


the unstable 45-day radioiron must - 


have a mass number of either 55 or 
59. 

10.127. A choice between these 
values may be made by considering 
the neutron reaction with cobalt in 
which the same isotope of iron is ob- 
tained. This reaction must be either 
(n,p) or (n,d), since the atomic num- 
ber of the product (iron) is one unit 
less than that of the target element 
(cobalt). The (n,d) reaction is improb- 


able, however, since it requires neu- - 
trons of very high energy, and hence - 
it must be concluded that the process - 


under consideration is Co(n,p)Fe; the 


product must then have the same mass — 
number as the transmuted isotope of - 
cobalt. The stable isotopes of the latter - 


have mass numbers of 57 and 59, and 


so the mass of the radioiron formed - 
must be 57 or 59. Since the value, a8 ` 
seen above, is either 55 or 59, it is at | 


once evident that the correct mass 


number is 59. The radioactive isotope — 
of iron, with a half-life of 45 days, is — 
thus to be represented by the sym- 


bol *Fe. 


10.128. The foregoing example may 
be taken as more or less typical of the — 


general cross bombardment procedure 
adopted for the assignment of mass 
numbers. When the particular radio- 


isotope can be obtained in several dif- 1 


ferent ways, the problem is simplified, 


but a decision may be more difficult: 


when the target elements have many 
isotopes. 
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DECAY or ARTIFICIAL RADIOISOTOPES 


10.129. The first artificial radioiso- 
topes to be identified decayed by the 
emission of positrons (§ 10.114), but 
later investigations showed that other 
types of decay were even more com- 
mon. The emission of alpha particles 
has hitherto been detected for a few 
elements with atomic numbers less 
than 83, as will be indicated shortly. 
On the other hand, beta activity, i.e., 
the emission of (negative) electrons, 
has been observed with many artificial 
radionuclides. Prior to the year 1947, 
the known positron-emitting species 
were restricted to elements of mod- 
erately low atomic number, but nu- 
clear spallation has led to the isolation 
of several such radioisotopes of fairly 
high atomie number. In addition to 
decay by the emission of electrons or 
positrons, other types of radioactive 
change, which will be described below, 
have been observed. 

10.130. It will be seen in Chapter 12 
that, among the more than 270 stable 
nuclides existing in nature, the ratio 
of neutrons to protons in the nucleus 
falls within a somewhat limited range, 
which varies with the atomic number. 
If in a particular species the neutron- 
to-proton ratio is larger than the sta- 
bility range, the isotope will be un- 
stable. The latter could acquire stabil- 
ity, or at least become more stable, if 
a neutron were replaced by a proton, 
thus decreasing the ratio of neutrons 
to protons. As can be seen from equa- 
tion (8.11), this is precisely what hap- 
pens when a nucleus expels a negative 
electron, ie., a beta particle. Hence 
nuclei containing too many neutrons 


for stability, i.e., proton-deficient spe- 
cies, are negative beta-active. Such 
species have mass numbers which are 
larger than those of the stable isotopes; 
for example, MC, £N, 20, *AI, 9C], 
Fe, and **Br. These nuclides are often 
obtained in (dp), (o); (œp), (np), 
(n,a), (n,y), and (y,p) processes, since 
the product in each case has a larger 
ratio of neutrons tò protons than does 
the target element. 

10.131. When the neutron-to-proton 
ratio of a nuclide lies below the range 
for stable existence, this neutron-defi- 
cient nucleus will tend to change in 
such a manner as to replace a proton 
by a neutron. There are three ways 
in which this can occur: one is the 
emission of a positron, the second is 
the expulsion of an alpha particle, and 
the third is the capture of an orbital 
electron (§ 10.138). Positron activity 
is commonly observed with isotopes 
having mass numbers smaller than the 
stable values.* Examples of this type 
are !!C, !N, !5O, "AI, CI, *Fe, and 
Br, which may be compared with the 
eleetron-emitting isotopes of the same 
elements given above. Nuclear reac- 
tions of the (p,n), (p,d), (p,2n), (p,a), 
(d,n), (an), (n,2n), (y,2n) types result 
in a decrease in the relative proportion . 
of neutrons, and the producta are fre- 
quently positron active. 

10.132. In high-energy, spallation 
reactions, it frequently happens that 
the nucleons which split off first are 
neutrons, leaving neutron-deficient nu- 
clei with atomie numbers not very dif- 
ferent from those of the target element. 
Such nuclei are radioactive and decay, 
as is to be expected, by the emission 


* Nuclide charts ($ 10.167) frequently have a curve drawn through the region of stability, 


called the line of beta stability. Species lying on one side | 
beta (electron) emitters, whereas those on the other si 
positive beta (positron) emitters. Orbital-electron 


roton deficient) tend to be negative 
(neutron deficient) are commonly 
capture (§ 10.138) may occur as an alter- 


native to (or simultaneously with) positron emission. 
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of positrons. Although neutrons are 
also emitted in nuclear fission, the 
number is relatively small. The prod- 
uct nuclei still have too many neutrons 
for stability and are consequently neg- 
ative beta emitters. 

10.133. In a few instances, of which 
54Cu is a notable example, discovered 
by C. C. Van Voorhis in the United 
States in 1936, radioactive decay oc- 
curs with the emission of both posi- 
trons and negative electrons. This is 
a type of branched disintegration 
(§ 5.60) in which some nuclei decay in 
one manner and some in the alternative 
manner. It is of interest to note that 
the mass numbers of the stable copper 
isotopes are 63 and 65, so that Cu 
has a neutron-to-proton ratio which 
lies between the values for the two 
stable species (cf. § 12.97). 

10.134. It was seen in Chapter 6 
that when a radioelement emits a neg- 
ative beta-particle, the product has 
the same mass number as the parent, 
but its atomic number is greater by 
one unit. This rule applies, of course, 
to any radioactive nuclide, natural or 
artificial, When a positron is emitted, 
the mass number is still unchanged, 
but the atomic number of the product 
is now one unit less than that of the 
parent. This conclusion follows im- 
mediately from the postulate made in 
§ 8.58, that positron emission is asso- 
ciated with the replacement of a proton 
by a neutron. The change clearly leaves 
the total mass unaffected, but de- 
creases the number of protons, and 
hence the nuclear charge and the 
atomic number, by unity. The same 
conclusion is reached by balancing the 
mass numbers and atomic numbers, as 
is the general practice in equations for 
nuclear reactions, Thus, considering 
the two modes of decay of copper-64, 
the equations are 


$iCu — +e + Ni 
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$$Cu — -le + $Zn, 


where 41e and _{e represent a positron 


and an electron, respectively. The 


products are stable isotopes of nickel 
and zine, both of which are found in 
nature. 

10.135. For many years, the only 


known alpha emitters, apart from a . 


naturally occurring samarium isotope, 
138m, were nuclides of atomic number 
83 or more. In September 1949, S. G. 
Thompson, A. Ghiorso, J. O. Rasmus- 
sen, and G. T. Seaborg of Berkeley 
issued a preliminary report of the dis- 
covery of alpha-active isotopes of gold 
and mercury (atomic numbers 79 and 
80), and, much more significantly, of 
certain rare-earth elements, 
atomic numbers in the region of 60 to 
70 and mass numbers of 144 to 155. 
By bombarding the oxides of sama- 
rium, gadolinium, and dysprosium 
with 200-MeV protons, several alpha- 
partiele activities, possibly due to iso- 
iopes of gadolinium, terbium, and 
dysprosium, were detected. The inter- 
action with the high-energy proton is 
probably accompanied by the emission 
of several neutrons, leaving neutron- 
deficient nuclei, such as 42Tb and 


1e Dy. A possible reason why these nu- | 


clides decay by the emission of alpha 
particles, as well as, in all probability, 
by positron emission or electron cap- 
ture, will be indicated in $ 12.109. In 
addition to neodymium-144 and sama- 
rium-147, which occur in nature, 
nearly 20 alpha-emitting isotopes have 
been obtained of the rare-earth ele- 
ments samarium, europium, gadolin- 
ium, terbium, dysprosium, holmium, 
erbium, and ytterbium. Two isotopes 
of tellurium, mass numbers 107 and 
108, are also said to be alpha-particle 
emitters. 

10.136. With the majority of, al- 
though not with all, artificial radionu- 
clides, other than those obtained by 
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nuclear fission and spallation, the im- 
mediate decay product is a stable spe- 
cies. The result is not surprising if it 
is recalled that the radioisotopes are 
usually obtained by a simple transmu- 
tation in which a particle enters a 
stable nucleus and another particle is 


proton + electron — neutron + neutrino 
mass 1 0 
-1 


charge +1 


expelled. In spallation, however, the 
splitting off of several nucleons, as 
indicated earlier, may leave a product 
that is two or-three, or possibly more, 
stages removed from stability. Short 
chains, involving two or three succes- 
sive positron emissions, are then pos- 
sible before a stable nuclide is reached; 
thus, representing the positron by ft, 


llSe ^5 As Ge > HGa, 

2 E a3 
where “Ga is a known stable isotope 
of gallium. 

10.137. For reasons which will be 
made clear in Chapter 13, the products 
of nuelear fission usually contain sev- 
eral more neutrons than is permissible 
for stability. These substances conse- 
quently decay by the emission of neg- 
ative beta-particles (8-), and several 
chains of four or five disintegration 
stages have been observed; one in- 
stance is the series 


8- ez magi 
Kr 5 9Rb 5 Sr 5 BY > Zr, 


the end product, being the. most 
abundant stable isotope of zirconium. 


OnBrrAL-ELECTRON CAPTURE 


10.138; In some instances, where the 
ratio of neutrons to protons is low, 
and hence positron activity would be 
expected, another type of decay has 
been found to occur with artificial 
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nuclides. Instead of a proton being 
converted into a neutron with the 
emission of a positron, the nucleus 
captures one of the extranuclear 
(orbital) electrons, which immediately 
combines with a proton to form a 
neutron, thus, 


(10.3) 
T 0 
0 0 


with a neutrino being formed at the 
same time.* It will be seen that this 
process provides an alternative to that 
represented by equation (8.13) for the 
replacement of a proton by a neutron, 
thus increasing the neutron-to-proton 
ratio. The product of this type of 
radioactivity would have the same 
mass number as its parent, but its 
atomic number would be one unit 
lower, just as in the case of positron 
emission. The decay of an unstable 
species, such as **Fe, by orbital elec- 
tron capture, can be represented by 
the equation 
5Fe + fe — Mn, 

the electron which is captured by the 
iron nucleus being indicated by -fe on 
the left-hand side. 

10.139. The phenomenon described 
above is referred to as decay by orbital- 
electron capture. The electron is usually 
captured from the first quantum level, 
i.e., the K level (§ 4.72), for such an 
electron is more likely than any other 
to be found near the nucleus; conse- 
quently, the expression K-electron cap- 
ture, or, in brief, K-capture is often 
employed. Instances of an electron 
being captured from the L level are 
known, although they are not com- 
mon. The possibility of orbital-electron 
capture as an alternative to positron 
emission was predicted by the Japa- 


* Since the orbital electron has a definite energy, the neutrino should also have a definite 
amount of energy, and not a range of energies as in positron or electron emission. 
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nese mathematical physicists H. Yu- 
kawa and S. Sakata in 1936, and proof 
of its reality was obtained in the 
United States by L. W. Alvarez in 
1938. 

10.140. The detection of orbital- 
electron capture depends on the fact 
that the remoyal of the extranuclear 
electron leaves a vacancy in the appro- 
priate quantum level, usually the 
lowest (or K) level, An electron from 
one of the higher energy levels will 
then immediately move in to fill the 
vacant position, and the excess energy 
will be emitted as the corresponding 
characteristic X-ray, as described in 
§ 4.72. Since the orbital-electron cap- 
ture must precede the electronic tran- 
sition and the emission of X-rays, the 
latter will be characteristic of the 
product nucleus with an atomic num- 
ber one unit less than that of the radio- 
active species. A case in point is the 
830-day vanadium isotope of mass 
number 49; the decay of this nuclide 
was found to be accompanied by the 
characteristic X-rays of the K series 
belonging to the element titanium 
which precedes it in the periodic sys- 
tem. The intensity of the X-rays falls 
off as the active material decays. It is 
evident, therefore, that “V decays by 
K-electron capture. 

10.141. If, as a result of orbital- 
electron capture, the product nucleus 
is left in its ground state, the change 
will not be accompanied by gamma 
rays; such behavior, of which the 330- 
day “V provides an example, is re- 
ferred to as pure K-capture. In most 
instances, however, the product nu- 
cleus is formed in a high-energy 
(excited) state and the excess energy 
is given off in the form of gamma 
radiation. Quite frequently, too, this 
radiation is internally converted 
(§ 8.103); that is to say, the energy 
of the gamma-ray photon is trans- 
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ferred to an orbital electron which is. 
consequently ejected. The result is is 
"line" spectrum of electrons of defi- 
nite energy, associated with X-rays 
characteristic of the product element. S 
The latter would, of course, be indis- 
tinguishable from those due directly to 1 
orbital-electron capture. 1 
10.142. Under all known conditions, - 
the rates of spontaneous nuclear reac: ^ 
tions, such as radioactivity, have been 
found to be independent of the phys- 
ical or chemical state of the radioele- 
ment. However, a particular case of 
orbital-electron capture, namely, | 
by beryllium-7, provides an Dm 


ing exception (see also § 10.161). This: 
element has only four electrons and, 
in 1947, E. Segré in the United States Bi 
and R. Daudel in France independ- 
ently predicted that the rate of electron 
capture by the nucleus, i.e., the half- 
life, might depend on the state of chem- — 
ical combination, since this would ~ 
affect the electron density close to the 
nucleus. The existence of a small but ` 
definite effect of this nature was dem- - 
onstrated by several experimenters. In d 
the uncombined (metallic) form, for - 
example, the half-life of beryllium-7 — 
for orbital-electron capture is about 
0.013 percent greater than in the oxide ~ 
(BeO) and 0,074 percent greater than 
in the fluoride (BeF;). 


CONDITIONS FOR POSITRON 
EMISSION AND ELECTRON CAPTURE 


10.143. It will be shown presently 7 
that certain mass (or energy) condi- 4 
tions are necessary for positron emis- . 
sion to be possible. Since orbital-elec- 
tron capture leads to the same. | 
disintegration product, this process of 
decay may occur simultaneously with 
the positron activity. If the energy - 
requirements are not met, however, 
orbital-electfon capture takes place 
exclusively, with or without accom- | 
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panying gamma radiation. Suppose 


` that, in a particular nuclide, the ratio 


of neutrons to protons is smaller than 
the value needed for stability ; positron 
emission is then conceivable. If the 
nucleus ejects a positron, its mass will 
decrease by mo, where mo is the rest 
mass of the positron, which is the same 
as that of an electron; the rest mass of 
the accompanying neutrino is neg- 
lected since it is probably zero. Fur- 
ther, since the atomic number of the 
daughter is smaller by one unit than 
that of the parent radionuclide, the 
former will have one orbital electron 
less than the latter; this will also rep- 
resent an additional decrease of mp in 
the mass of the atom as a whole. It 
follows, therefore, that, when positron 
emission takes place, the atomic mass 
of the product must be smaller by the 
amount 2m than that of the positive 
beta-active parent. 

10.144. Actually this is a minimum 
value, for the mass difference may be 
larger than 2m, but it cannot be less, 
if positron decay is to be possible. 
Thus, if M(A) represents the atomic 
mass of the parent nuclide A and 
M(B) that of the daughter B, the con- 
dition for positron emission is 


M(A) — M(B) > 2m. 


The rest mass of the electron is 0.00055 
in atomic mass units; hence, for posi- 
tron emission to be possible, the atomic 
mass of the parent must exceed that 
of the daughter by 0.0011 amu, at 
least. Since the mass difference even- 
tually appears as energy, the quantity 
2m, ie twice the rest mass of the 
electron, may be replaced by its en- 
ergy equivalent; this was shown in 


$3.84 to be 1.02 MeV, so that the 
condition becomes 


M(A) — M(B) > 1.02 MeV. 


It is seen, therefore, that for positron 
activity to be possible, at least 1.02 
MeV of energy must be available, as a 
result of the loss in mass associated 
with the change from nuclide A to 
nuclide B. Energy in excess of this 
minimum will be shared between the 
ejected positron and the accompanying 
neutrino, although some may appear 
as gamma radiation. 

10.145. When the mass difference 
M(A) — M(B) is such that the min- 
imum of 1.02 MeV of energy is not 
available, then the change from A to B 
will occur by orbital-electron capture, 
assuming as before that the neutron- 
to-proton ratio in the parent nucleus 
is smaller than requisite for stability. 
For this alternative process the energy 
demand is much less stringent. In- 
stead of the positron being ejected 
from the nucleus while at the same 
time an orbital electron is expelled, 
as explained above, the same change 
from A to B is now achieved by the 
orbital electron going into the nucleus. 
The minimum mass difference M(A) — 
M(B) is now equal to the mass of the 
neutrino, which is zero; hence, the 
only requirement for decay by orbital- 
electron capture is that M(B) should 
be less than M(A), the actual difference 
being of no consequence. Any energy 
that is available due to the atomic 
mass of the product being appreciably 
less than that of the parent will appear 
as gamma radiation, apart from some 
which may be carried off by the neu- 
trino in equation (10.3).* 


*Tt may be remarked here that in negative beta-decay, i.e., in electron emission, the mass 
of the nucleus decreases by mo, but there is a corresponding increase in the mass of the orbital 


electrons, the number of which is increased by unity. 


ere are thus no atomic mass re- 


strictions and the conditions are similar to those for orbital-electron capture. From the theo- 
retical standpoint (cf. § 8.61), negative-electron emission and orbital-electron capture may be 


as bei: ie reverse of each other. 


regarded 
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10.146. When competition between 
decay by electron capture and by 
positron emission is possible, the 
former process is favored by factors 
which increase the half-life of the 
parent element. From the facts re- 
lated in Chapter 8, it is apparent that, 
for similar beta transitions, the smaller 
the maximum energy of the positrons, 
the longer will bé the half-life. It is to 
be expected, therefore, that the extent 
of electron capture will increase as the 

' positron energy decreases. In other 
words, as the energy of the radioactive 
change approaches the minimum value 
of 1.02 MeV, the probability of decay 
by positron emission decreases while 

that of electron capture increases. 
When the energy is less than 1.02 MeV, 
the latter process occurs exclusively. 
Two other factors tend to favor orbital- 
electron capture relative to positron 
emission: one is high atomic number 
and the other is a large difference in 
the nuclear spins of the parent and 
product nuclei. Positron emission is 
unknown among the heaviest elements, 
although several cases of K-capture 
have been recorded. 


NUCLEAR IsoMERISM 


10.147. Another type of radioactive 
decay, i.e., by isomeric transition, has 
been brought to light by a study of 
artificial radionuclides, although it is 
actually an aspect of the familiar 
gamma-ray emission. The possibility 
that there might exist nuclides having 
the same mass number and also the 
same atomie number, that is to say, 
isobarie isotopes, but possessing dif- 
ferent radioactive properties was en- 
visioned by F. Soddy (8 6.1) in 1917. 


...* Chemists are, of course, familiar with the terms isomer and isomerism, from the Greek - 
iso (same) meros (part), as applied to compounds having identical compositions and mol 


ios but differing in their properties. 


ese are the most recent values which differ slightly from the original determinations. 
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Substances of this type have now be- 
come known as nuclear isomers, based 
on the suggestion made by Lise 3 
Meitner (88.43) in 1936, and the | 
phenomenon has been called nuclear — 
isomerism.* | 

10.148. The first evidence for the | 
existence of nuclear isomers came in - 
1921 from the German radiochemist 
O. Hahn, who found uranium Z to be - 
isotopic with and also to have the same 
mass number as uranium X;, although a 
differing from it in its rate of decay. 
For several years this was the only 
case of nuclear isomerism which could i 
be regarded as substantiated, but ` 
around 1935 indications came from — 
several different directions that other - 
nuclides, notably one of the artificial — 
radioisotopes of bromine, exist in iso- ` 
meric forms. Since that time many 
other examples of nuclear isomerism - 
have been discovered, and the phenom- — 
enon of decay by isomeric transition, 
that is, by the spontaneous conversion 
of one nuclear isomer into another, has 
been elucidated. In most instances . 
there are isomeric pairs only, but 
triple isomerism has been observed in 
a few cases. 

10.149. When a target containing 
bromine was bombarded with slow 
neutrons the product was found to . 
exhibit three different half-life periods ~ 
of radioactive beta-decay, namely, 17.6 
min, 4.5 hr, and 35.3 hr.f This result 
was surprising because the reactions of 
slow neutrons with moderately heavy 
nuclei are invariably of the (n,y) type 
and since ordinary bromine consists 0! 
only two isotopes, mass numbers 79 
and 81, not more than two radioactive 
products, *Br and *Br, were to be 
expected; thus, 
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Br + on — Br + y 
SBr + on — SBr + y. 


10.150. The same three decay peri- 
ods were also observed following the 
bombardment of bromine with deu- 
terons; here again the products *9"Br 
and ®Br were to be anticipated as a 
result of processes of the (d,p) type 
involving the stable 79 and 81 iso- 
topes. It appeared certain, therefore, 
that the two radioisotopes of bromine 
*?Br and *Br between them decay in 
three different ways, so that one of 
these nuclides decays at two different 
rates. The identity of the isotope ex- 
hibiting the dual decay was estab- 
lished in the following manner. The 
action of gamma rays on bromine ac- 
cording to the (y,n) processes 


BBr + y > HBr + on 
SBr + y 2 SBr + on 


leads to the formation of two products, 
Br and Br, with three decay periods, 
the half-lives now being 6.4 min, 17.6 
min, and 4.5 hr. Since the *°Br isotope 
is formed in both the (n,y) and (y,n) 
reactions, and the 17.6-min and 4.5-hr 
periods are observed in both cases, it 
is apparent that it is this isotope which 
is associated with two modes of decay. 

10.151. The explanation offered for 
this behavior is that *"Br exhibits nu- 
clear isomerism, each isomer having a 
different: half-life. As will be seen be- 
low, a separation of the two nuclear 
isomers is possible; one is then found 
to decay with a half-life of 17.6 min 
and the other with a period of 4.5 hr. 
The difference between the nuclear iso- 
mers of ®Br, and in fact of all other 
cases of nuclear isomerism, is attrib- 
uted to a difference in nuclear energy 
states: one isomer represents the nu- 


* The term metastable is used to indicate a 
the given conditions, but is nevertheless suffi 
existence. 
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cleus in its ground state, whereas the 
other is the same nucleus in an excited 
state of higher energy. Frequently, 
the transition from a higher to a lower 
nuclear energy level, which is asso- 
ciated with the emission of gamma 
rays, requires a very short time, prob- 
ably less than 10-18 sec. The excited 
state then has an extremely short life. 
If the transition is “forbidden” to 
some extent (§ 10.158), the high-en- 
ergy (excited) state, referred to as a 
metastable* state, will have an appre- 
ciable half-life, varying from a small 
fraction of a second to several days. 
Such a metastable, excited state rep- 
resents one isomeric form of the par- 
ticular nuclear species, whereas the 
ground state, i.e., the state of lowest 
energy, represents the other. In writing 
the symbols for isomeric states, the 
metastable form is distinguished by 
adding the superscript m to the sym- 
bol for the nuclide, e.g., "Br". 


TYPES or NUCLEAR Isomers: 
IsoMERIC TRANSITION 


10.152. At the present time, about 
150 cases of nuclear isomerism and 
isomeric transition are known, espe- 
cially among elements of medium and 
moderately high mass number. Iso- 
meric states, which may be of nuclei 
that are either radioactive or stable in 
their respective ground states, can be 
obtained in various ways. For example, 
they often result from nuclear reac- 
tions, as in the case of Br”; other 
instances are *Kr(d,p)*Kr™ and 
S'Se(a,n)*Kr". Beta decay sometimes 
leads to the formation of the daughter 
nucleus in a fairly stable excited state, 


as in 9Sr— 9Y». Isomeric states of 
stable nuclides can be produced in 
(y,7’) reactions and in various inelas- 


state that is not the most stable pene under 
iently stable to have an appreciab! 


independent 


^ 
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tic scattering processes since these 
always lead to formation of excited 
states of the target nuclei. 

10.153. For classification purposes, 
three types of nuclear isomers may 
be distinguished. In the first, referred 
to as isomers with independent decay, 
each isomer decays independently of 
the other with its own particular half- 
life. In cases of this kind the transi- 
tion from one isomeric state to the 
other, i.e., from the metastable to the 
ground state, is highly forbidden and 
takes place to a very small extent, if 
at all The transitions are depicted 
in Fig. 10.6, with 7; and T, represent- 


` 


PARENT 
{METASTABLE STATE) 


Fic. 10.6. Nuclear isomerism with inde- 
pendent decay. 


ing the different half-life periods. In 
the diagram both methods of decay 
have been shown to lead to the same 
(lowest) energy level of the product 
nucleus. But this is not necessarily 
the case, for one or other (or both) 
may yield an excited state of the decay 
product, which will then emit the 
excess energy as gamma radiation. 


` Examples of nuclear isomers with in- 


dependent decay, together with the 
type of activity and half-lives, are 
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given below; the symbols f+ and f- 
refer to positive and negative þeta 
decay, respectively, and EC implies - 
decay by orbital-electron capture, 3 
*Mn(B*, 5.7 days; 8*, 21 min) 
"'Zn(87, 4.1 hr; 87, 2.4 min) 
*'Mo(87, 65 sec; 87, 15.5 min) 
9 Ag(EC, 8.3 days; B+, 24 min) 
"5Cd(8-, 43 days; 87, 2.3 days) 
10.154. The second class consists of 
genetically related isomers, as repre- 


sented in Fig. 10.7, in which the meta- 
stable state decays to the ground state 


PARENT 
(METASTABLE STATE) 


DECAY PRODUCT 


Fie. 10.7. Genetically related isomers: 
isomeric transition. 


with a definite half-life T}, a gamma- 
ray photon being expelled. This is the 
decay process known as isomeric tran- 
sition. abbreviated to IT. In the 
majority of cases the gamma radiation 
is internally converted, so that what is 
observed is a line spectrum of electrons, 
together with characteristic X-rays, 
as is usual with internal conversion 
(§ 8.103).* The ground state decays to 
form the product with a half-life of 
Ts, which is different from Ti. As 


* The X-rays are here those of the parent (metastable) element, since this is ee Nu 


emitting the converted gamma 
orbi: s 


tion; hence isomeric transition can be 


ee ore where the X-rays resulting from internal conversion are those of the 
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before, the product is not necessarily 
formed in its ground state, and so 
gamma radiation may accompany the 
radioactive change. There is also a 
possibility of some direct independent 
decay of the excited, metastable state 
of the parent, as indicated by the 
broken line. Some instances of genet- 
ically related isomers, which include 
those of Br, are the following: 


“Se (IT, 2.44 days; 8*, 3.91 hr) 
%n (IT, 13.8 hr; 87, 55 min) 
*oBr (IT, 4.5 hr; 87, 17.6 min) 
8e (IT, 57 min; 87, 18 min) 
14In (IT, 50 days; 87, 72 sec) 
131Te (IT, 1.2 days; 87, 25 min). 


10.155. It will be observed from the 
foregoing examples that the half-life 
of the internal transition process is 
often longer than that of the beta de- 
cay, positive or negative, of the ground 
state. As a result, the radioactive sub- 
stance emits two groups of beta par- 
ticles, corresponding to two distinct 
half-lives. One group, associated with 
the shorter half-life, is due to decay of 
nuclei originally formed in the ground 
state, whereas the other group results 
from the decay of nuclei in the same 
ground state produced by isomeric 
transition from the metastable excited 
state (Fig. 10.7). It is a well-known 
law that the over-all rate of any change 
taking place in stages is determined 
by the rate of the slowest of these 
stages; hence in the process 
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state, appears equal to the rate of the 
isomeric transition, which is the slower 
stage. 

10.156. Isomeric transition is some- 
times accompanied by the breaking of 
a chemical bond which may make pos- 
sible a separation of the isomeric 
nuclei. An interesting illustration is 
provided by the isomers of tellurium, 
for example, '!Te. If to a tellurate 
(Te!) solution, containing this radio- 
active species, is added some ordinary 
inactive tellurite (TeV), then upon 
separating the latter chemically, it is 
found to contain the 25-min isomer. 
The explanation of this behavior is 
that the gamma ray emitted by the 
upper (1.2 days) isomeric state under- 
goes internal conversion, resulting in 
the ejection of an electron from a K or 
L level of the product atom, that is, 
from the lower (25 min) isomeric state. 
As a result of what is known as the 
Auger effect, the high energy of this 
inner (K or L) electron is transferred 
to one or more of the outer (valence) 
electrons, which are consequently re- 
moved from the atom. This detach- 
ment of valence electrons from the 
25-min isomer results in the breaking 
of some of the bonds between the 
tellurium and oxygen atoms; conse- 
quently, the isomeric transition is ac- 
companied by a change from the VI 
to the IV oxidation state, i.e., from 
tellurate to tellurite. Other genetically 
related isomers have been separated 
chemically, and the general explana- 
tion of the behavior is analogous to 
that given here for tellurium.* 


Metastable State 75 Ground State ae Product, 


the rate of emission of the beta par- 
ticles in the second group, although 
they actually originate from the ground 


*The name “hot-atom chemistry" is given 
from the transfer to valence bonds of energy p! 


(see also § 17.34). 


rend vic i t ta ABRE UR BRI a 

10.157. The third category of nu- 
clear isomerism is that in which the 
active species are isomers of stable nu- 
to the study of chemical reactions resulting 


roduced in nuclear processes of various 
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clei. The decay process now merely 
involves an isomeric transition from 
the metastable excited state to the 
ground state of a stable nuclide, ac- 
companied by the emission of gamma 
Tadiation. If this is internally con- 
verted, there will be a line spectrum of 
electrons, and the characteristic X-rays 
of the element will be emitted. More 
than 30 stable species, which are 
found in nature, among them ®Kr, 
"Sr, (Rh, WAg, Sn, "Ba, and 
Au, are known to form metastable 
States of appreciable life, from a few 
seconds to several days. In addition, 
there are a number of stable nuclides 
that form isomers of short life, e.g., à 
millionth of a second or less. 


IsoMERISM AND NUCLEAR SPIN 


10.158. The explanation accepted 
for the existence of metastable states, 
and hence of nuclear isomers, of both 
stable and unstable nuclides, is based 
on that proposed by the German phys- 
icist C. F. von Weizsücker in 1936. 
Tt was seen in $ 8.114 et seg. that the 
probability of the transition between 
two excited states or between an 
excited state and the ground state of 
the nucleus is dependent partly on the 
energy difference between the two 
States but mainly on the multipole 
character of the radiation. This is 
determined by the spins and parities 
of the nuclear states involved in the 
transition. The least probable (or most 
` forbidden) transitions are those of the 
E3, M4, and E5 types, and the great 
majority of the known isomeric nu- 
clides of fairly long half-life undergo 
E3 and M4 transitions, Transitions 
accompanied by E5 radiations are not 
common, presumably because alter- 
native processes takes place in pref- 
erence (§ 10.161). When the transitions 


* The existence of these “‘islands’’ 
mack in the United States. 
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are of other, more probable, types, the — 
half-lives of the isomeric states are 
generally quite short. 

10.159. From the discussion in 
§ 8.115, it is evident that for a tran- 
sition in which the radiations have a ^ 
high multipolarity, i.e., for a meta- 5 
stable state of long life to be possible, 
the nuclear spin of that state must be 


significantly different from that of any -. 


lower energy state. One consequence . 
of this connection between nuclear . 
Spins and the life of the excited state 
is that very few isomers have been 


observed among nuclides having even 3 


numbers of neutrons and of protons. - 


Because of the pairing of nucleons with | 


opposite spins, the resultant, spins of 
these nuclei in the excited and ground - 
states are either zero or a small integer 
(8 4.86). Consequently, the basic con- 
dition for a metastable state of rel- 
atively long life, i.e., à large difference 
in the nuclear spins, is not often 
realized. When a nucleus contains an 
odd number of protons or neutrons 
(or both), theory and experiment show. 
that the resultant odd half-integral 
spins can be quite large, e.g., 134, espe- 
cially in the exeited states. The occur- 
rence of moderately long-lived nuclear 
isomers is thus to be expected. 
10.160. It is of interest to mention 
that the isomeric nuclei with odd mass 
numbers, i.e., having an odd number 
of either protons or neutrons, fall into 
three groups, often referred to as the 
islands of isomerism.* The numbers of 
neutrons or of protons in these groups 
are mainly (1) from 39 to 49, (2) from 
69 to 81 and (3) from 111 to 125. It 
will be seen in Chapter 12 that the 
numbers 50, 82, and 126 represent 
closed shells of nucleons; hence, the 
islands of isomerism occur just before 
the shells are complete. It is in these 


was pointed out in 1949 by E. Feenberg and K. C. Ham- 
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circumstances that the nuclei contain 
appreciable numbers of nucleons with 
unpaired intrinsic spins, and fairly 
large resultant nuclear spins are com- 
mon. 

10.161. ‘The lifetime of a metastable 
state may depend on thé extent to 
which an alternative process, namely, 
internal conversion of the gamma radi- 
ation (§ 8.103), takes place. The inter- 
nal conversion coefficient is largest for 
the conditions under which the tran- 
sition between two nuclear states is 
least probable, i.e., large multipolarity 
of the radiation and small energy dif- 
ference (§ 8.117). This circumstance 
can affect the lifetime of a metastable 
state, especially one with a long half- 
life. It accounts for the fact, mentioned 
above, that transitions involving E5 
radiations are rare. Another factor in- 
fluencing the internal conversion co- 
efficient is the exact nature of the 
electronic environment of the nucleus, 
and this can be affected, to a minor 
degree, by the state of chemical com- 
bination of the atom. An example of 
this behavior has been observed with 
the nuclear isomer of radioactive tech- 
netium-99, i.e., ®Tc”, which has a half- 
life of 6.0 hr for decay to the ground 
state, In the compounds Tc, and 
KTcO, the half-life of Tc" was found 
to be 0.03 and 0.3 percent, respec- 
tively, less than in the metallic (ele- 
mental) state.* Similar results have 
been obtained in other cases, e.g., 
90N 57» and 238U m, 


DELAYED NEUTRON. Emission 


10.162. It may be wondered why, 
in view of the fact that atomic nuclei 
contain protons and neutrons, radio- 
active decay does not occur with emis- 
sion of these particles. The answer is 
that if a nucleus has sufficient energy 


* Technetium. 
tificially ($ 16.101). 
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to release a proton or a neutron, i.e., 
at least 8 MeV, the emission usually 
takes place extremely rapidly, prob- 
ably in about 10-!* sec. In other words, 
the particular nuclide would be so un- 
stable that it would not be regarded 
as having any real existence. A few 
instances have been found of nuclei 
which apparently decay by emitting 
neutrons or protons at a measurable 
rate, but this result is due to special 
circumstances. The phenomenon of 
neutron emission (§ 13.43) is of the 
greatest significance for the control of 
reactors in which energy is released by 
nuclear fission, as will be seen in later 
chapters. It is sufficient to state here, 
however, that the fission of various 
isotopes of uranium, thorium, and plu- 
tonium is accompanied by the delayed 
emission of neutrons; that is to say, 
the neutrons continue to be released 
for some time after the fission process 
has occurred. Six groups of delayed 
neutrons with different half-lives have 
been identified, and although the ac- 
tual values vary to some extent with 
the nucleus undergoing fission, these 
half-lives are roughly 55 sec, 22 sec, 
5 sec, 2.2 sec, 0.6 sec, and 0.22 sec, 
respectively. 

10.163. By making rapid chemical 
separations, it has been found that the 
55-sec period follows the chemistry of 
bromine. There is among the products 
of fission an isotope of this element, 
namely *Br, with a half-life of 55 sec. 
The proposed mechanism for the 
release of the delayed neutrons of the 
55-sec group is illustrated in Fig. 10.8. 
The Br decays with a half-life of 55 
sec emitting a negative beta particle 
to yield “Kr. The latter is formed in 
a highly excited state with sufficient 
energy to permit it immediately to 
eject a neutron, and form a stable *Kr 


(atomic number 43) does not exist in nature, but it has been obtained ar- 


nucleus. The observed rate of emis- 
sion of neutrons is determined by the 
slow stage in the over-all process, 
namely, the decay of the "Br. The 
half-life for neutron liberation thus 
appears to be 55 sec, although the 
actual process in which the neutrons 
are emitted undoubtedly occurs very 


*'8r (55 SEC) 


NEUTRON 
EMISSION 


STABLE 
Fig. 10.8. Mechanism of delayed neutron emission with half-life of 55 seconds. 


rapidly. The 22-sec group of neutrons 
probably originates in an analogous 
manner, but the variation in the ac- 
tual half-life, according to the nature 
of the nucleus undergoing fission, sug- 
gests that two nuclides, namely, !"T 
(half-life 24 sec) and *Br (half-life 16 
sec), are involved. These are both 
found among the products of fission, 
and they decay to yield excited states 
of "Xe and “Kr, respectively. It is 
from these excited states that a neu- 
tron is expelled instantaneously. The 
Observed decay periods of 21 to 23 sec 
depend on the relative amounts of !*I 
and *Br formed in the particular fis- 
sion. The occurrence of the other four 
groups of delayed neutrons can be 
explained in the same general way 
(cf. § 13.59). 
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A 
10.164. A somewhat similar type of © 
behavior was discovered in an entirely - 
different connection by L. W. Alvarez - 
and his collaborators in 1948. Upon, 
bombarding various light elements — 
from oxygen to chlorine with 200-MeV | 
deuterons, the emission of neutrons, 
associated with a half-life of 4.1 sec, 


TRE Se, 


STABLE 


was detected. The conclusion was 
reached that the results could be ac- 
counted for by the following scheme: 


i 
IN —— 17 > 16 In, 
Nat UO 0 +0 


The unstable species YN is formed in 
the bombardment; this decays with @ 
half-life of 4.1 sec emitting a beta par- 
ticle and leaving a highly excited "0 
nucleus. The latter then instantane- 
ously ejects a neutron, with the stable 
oxygen-16 isotope as the final product. - 
Among other examples of delayed neu- 
tron emission are lithium-9- (half-life 
0.17 sec) and helium-8 (half-life 0.12 
sec); the beta-decay products are *Be 
and 5Li, respectively, in excited states 
which immediately emit a neutron. 
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DELAYED PRoTON EMISSION 


10.165. Efforts to produce delayed 
proton emitters, similar to the delayed 
neutron emitters described above, were 
made by L. W. Alvarez in 1950, but 
they were unsuccessful. Subsequently, 
the problem was discussed by several 
Russian physicists, notably V. I. Gold- 
anskii in 1960 and 1961, and exper- 
iments on the subject were undertaken 
in the U.S.S.R., Canada, and the 
United States. Delayed protons were 
actually observed in 1962 by A. 
Karnaukhov and his associates at 
Dubna when they bombarded nickel 
and tantalum targets with 130-MeV 
ions of neon-20, but the emitter was 
not identified. In the following year, 
however, the first delayed proton emit- 
ter was established by R. Barton, R. 
McPherson, and R. E. Bell in Canada. 
Delayed protons with a half-life of 0.2 
to 0.3 sec were observed as a result, of 
the interaction of 97-MeV protons 
with aluminum and silicon. The reac- 
tions occurring were ?Al(p,3n)*Si and 
Si (p,p3n)?5Si, the same product being 
formed in each case, namely silicon-25. 
This is a positive beta-emitter which 
decays with a half-life of 0.22 sec to 
an excited state of 2°Al; the latter then 
emits a proton immediately to form 
the stable nuclide magnesium-24. The 
mechanism of delayed proton emission 
is thus similar to that of delayed neu- 
trons, except that the actual emitter 
results from positive beta-decay in the 
former case, instead of negative beta- 
decay in the latter. 

10.166. Barton and his coworkers 
reported that delayed protons were 
also produced by the bombardment of 
oxygen, nitrogen, fluorine, sodium, and 
magnesium by 97-MeV protons. They 
surmised that the positive beta emit- 
ters formed were !*O (from oxygen and 


* There are apparently also a few heavier highly neutron deficient, 
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nitrogen), “Ne (from fluorine), and 
21Mg (from sodium and magnesium). 
At the same time they predicted that 
25, Ar, and "Ca would behave ina 
similar manner. These predictions were 
based on the opinion that in the parent 
(positive beta-active) nuclides the 
numbers of protons and neutrons, 
respectively, could be represented in 
each case by 2z + 2, 2x — 1, where z 
is an integer; the decay product, which 
is the actual proton emitter, wo’ 

then be an excited state of 2z + 1, 2%: 
Later work in various laboratories has 
confirmed that the nuclides mentioned 
above are indeed responsible for de- 
layed proton emission following a stage 
of positive beta-decay. In addition, °C 
and “Ti, which have the same proton- 
neutron relationship, have also been 
shown to have these characteristic 
properties. Thus, all members of the 
series, from z = 2, i.e., six protons 
and three neutrons (in °C) to x = 10, 
i.e., 22 protons and 19 neutrons (in 
aTi) have been identified.* Most of 
these highly neutron-deficient nuclides 
have been made by such reactions as 
(pn), (p,2n), (p,3n), and (p,d2n), but 
the (*He,2n), &He,'He), and (*Li,3n) 
reactions have also been utilized to 


| some extent. The half-lives of the pos« 


itive beta-emitters, and hence the 
apparent half-lives for delayed proton 
emission, are all short, ranging from. 
0.009 sec for °C to 0.22 sec for *5Si. 


NUCLIDE (or IsoroPE) CHARTS 


10.167. The information concerning 
the known nuclides, both stable and 


“unstable, are usually summarized in 


the form of a chart of nuclides or isotope 
chart. In one type of chart the atomic 
number Z, that is, the number of pro- 
tons in the nucleus, is plotted as the 
ordinate, against the number of neu- 
delayed proton emitters, 


e.g., Te isotopes, which do not belong to this series. 
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trons, equal to A — Z, where A is the 
mass number, as the abscissa. A sim- 
plified portion of such a chart is rep- 
resented in Fig. 10.9. Each nuclide is 
seen to occupy a square; a shaded 
background refers to stable species 
occurring in nature, whereas artificial 
radioactive isotopes have a white back- 
ground. The symbol and mass number 
are indicated in each case, as well as 
the types of decay and half-lives of the 


NUMBER OF PROTONS 
N 
€ 
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cal line. Similarly, combination with 
2 neutron gives a nucleus occupying 
the next square to the right on the 


same horizontal line. Uptake of a deu- | 


teron, which consists of a proton and. 
& neutron, results in a shift of one 


position vertically upward, and one to 


the right, and so on for other particles, 
Emission of a proton, neutron, or deu- 
teron, of course, results in a reversal 


NUMBER OF NEUTRONS 
Fig. 10.9, Portion of a nuclide (or isotope) chart. 


unstable nuclides. All species on the 
same horizontal line have the same 
atomiv number and hence are isotopic 
with one another. Nuclides with the 
same mass number, ie., isobars, are 
seen' to lie on a series of 45? diagonal 
lines running from upper left to lower 
right of the diagram. 

10.168. Certain features of this iso- 
tope chart will be described subse- 
quently; for the present it will be uti- 
lized to consider nuclear transmuta- 
tion and radioactive decay processes. 
When a particular target nucleus com- 
bines with a proton, the resulting com- 
pound nucleus is represented by the 


of these moves on the chart. The 
expulsion of an electron in radioactive 
decay, i.e., negative beta-decay, gives 
a product nucleus in which the num- 
ber of protons is increased and the 
number of neutrons is decreased by 
unity. The product therefore occupies 
the adjacent upper-left diagonal posi- 
tion from that of the parent. On the 


other hand, in positive beta-decay, i.e., 
when there is positron emission, or in 
. orbital-electron capture, the product 
nucleus is found in the adjoining 
lower-right diagonal square. 
. 10.169. It is of interest to return, 
at this point, to the case discussed in 
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next higher square in the same verti- — 
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detail in § 10.48 et seg., namely, the 
combination of a deuteron with %Cu; 
from the chart, the compound nucleus 
„ is seen to be the radioisotope [*Zn], 

undoubtedly in a highly excited state 
with considerable excess energy. If this 
energy is emitted as a gamma ray [re- 
action (1)], the product is “Zn in its 
ground state; the chart shows this to 
be radioactive, decaying by positron 
emission, or by orbital-electron cap- 
. ture, to yield stable *5Cu as the prod- 
uct. A second possibility [reaction (2)] 
is the ejection of a neutron by the 
[Zn], leaving °Zn, which is stable. In 
reaction (3), a proton is emitted, and 
hence the product is “Cu; as stated in 
§ 10.132, this exhibits branched dis- 
integration, decaying by the emission 
of a positive or a negative beta-par- 
ticle, the product being the stable nu- 
clide “Ni or ®4Zn, respectively. Accord- 
ing to reaction (4), two neutrons are 
expelled, so that “Zn, which the chart 
shows to be a positron emitter, remains; 
its decay product is seen to be stable 
®Cu. If an alpha particle is ejected 
[reaction (5)], the compound. nucleus 
[Zn] loses two protons and two neu- 
trons, with formation of the stable 
“Ni. The tritium nucleus consists of 
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one proton and two neutrons, and so 
the product of reaction (6) is Cu; 
from the chart it follows that this de- 
cays by the emission of a positron and 
is thereby converted into the stable 
*2Ni isotope. The last process does not 
need to be considered since it is the 
reverse of that by which the compound 
nucleus was supposed to be formed, in 
the first place. 

10.170. In addition to the isotope 
chart described here, in which the 
number of protons is plotted against 
the number of neutrons for all the 
known nuclides, other types have been 
used for different purposes. For exam- 
ple, in one the atomic number Z is 
plotted against the mass number A, or 
vice versa; and in another, the excess 
of neutrons over protons, that is A — 
2Z, is plotted against the atomic num- 
ber Z. A convenient scheme makes use 
of axes inclined at an angle of 60°, the 
mass number A being plotted along 
one of those axes and the atomic num- 
ber Z along the other. Each type of 
chart has features of special interest, 
but, in general, familiarity with the 
use of one provides sufficient, expe- 
rience for the use of any other. 
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The Neutron 


Chapter 11 


PROPERTIES OF THE NEUTRON 


Mass or THE NEUTRON 


11.1. When, in 1920, E. Rutherford 
considered the possible existence of a 
particle of unit mass and zero charge 
(§ 2.115), now called a neutron, he 
thought that, since it would not be 
repelled as it approached an atomic 
nucleus, ‘it should enter readily into 
the structure of atoms, and may unite 
with the nucleus.” This expectation 
has been abundantly confirmed, and 
the nuclei of virtually all the elements 
have been found to interact with neu- 
trons. In addition, the neutron has 
served a purpose which was entirely 
unforeseen: it provided the key that 
made possible the achievement of a 
long-sought objective, the release of 
energy from the atomic nucleus. In this 
respect, the various interactions of 
neutrons with nuclei are of the greatést 
significance. For these and other rga- 
sons, the study of the production and 
properties of neutrons has attracted 
much interest, and the subject merits 
detailed consideration. 

11.2. It was mentioned in § 2.118, 
when reporting briefly on the discovery 
of the neutron by J. Chadwick in 1932, 
that he explained certain apparently 


paradoxical observations of previous 
workers by attributing them to the 
presence of an uncharged particle with 
a mass close to that of a proton. Since 
the evidence was not recorded earlier, 
it will be outlined here. The absence of 
charge associated with the neutron 
was established, of course, by the in- 
ability to deflect it in electric and 
magnetic fields; the mass was esti- 
mated in several ways. Suppose & 
particle of mass mu, moving with a 
velocity v, collides with another parti- 
cle, mass tn, which is virtually sta- 
tionary. The speed with which the lat- 
ter recoils depends on the direction of 
recoil relative to that of the incident 
particle, but it is known from mech- 
anies that it will be a maximum in & 
head-on collision, i.e., when the struck 
particle recoils in exactly the same 
direction as that in which the incident 
particle approached it. For such a col- 
lision, the recoil velocity v» which is 
the maximum possible for the specified 
conditions, is given by* 


2mi 
v Pap d (11.1) 


If the incident particle is a neutron 


* This is readily derived from the equations for the conservation of (kinetic) energy, 


which is here mw? = mwi + mws, ani 


d for the conservation of momentum, namely, 


mw = mwi + mw for & head-on collision; v: is the velocity of the inċident particle after 
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the collision. 
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and the struck particle is a nucleus 
of known mass ma the mass m; of the 
neutron can be calculated from equa- 
tion (11.1), provided the velocity v of 
the neutron before collision, and the 
maximum speed v, of the recoiling 
nucleus are known. 

11.3. Unfortunately, Chadwick did 
not have reliable data concerning the 
speed of the neutron, and so this had 
to be eliminated from equation (11.1). 
If neutrons of the same velocity v 
collide with a particle of mass ms, the 
maximum recoil velocity v; of the latter 
is determined by an expression exactly 
analogous to equation (11.1), namely, 

us 2m Ü 

m +m” 

where m, and v are the same as before. 

Upon dividing equation (11.1) by 
(11.2) it is seen that 


(11.2) 


u m+m 


thus permitting m, the mass of the 
neutron, to be evaluated if m», ms, v», 
and v, are available. The recoils of 
hydrogen and nitrogen nuclei, after 
being struck by neutrons, were ob- 
served in cloud-chamber experiments 
and, from the lengths of the accom- 
panying tracks, the maximum veloci- 
ties were estimated to be 3.3 X 10° 
em per sec for vz and 4.7 X 108 cm per 
sec for vs. These results were known to 
be approximate, but they should be 
sufficient to give some indication of the 
mass of the neutron. Thus, taking m; 
and m; to be the masses of the hydro- 
' gen and nitrogen nuclei, namely 1 and 
14, respectively, in atomic mass units, 
i.e., in amu ($3.82), it is found from 
equation (11.3) that the mass m, of the 
neutron is roughly 1.15 amu. 

114. The approximate result ob- 
tained in this manner showed, at least, 
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that the mass of the neutron was simi- 
lar to that of the proton, but a more 
accurate determination was desirable, 
Such a determination was made by | 
Chadwick utilizing the energy and ` 
mass changes involved in the reaction. 
between an alpha particle from polo- ^ 
nium and a boron nucleus, in which a 
neutron is liberated. If the reaction is 
of this type, then it should be 

%B + 2He — '4N + in, 
and since the atomic masses (§ 6.63) 
of the stable nuclides "B, “He, and “N 
are available, it should be possible to 
obtain the mass of the neutron, pro- 
vided the nuclear reaction energy (Q) ^ 
is known (810.25). The alpha par- 
ticles from polonium have 5.25 MeV 
energy, equivalent to 0.00565 amu 
[equation (3.17)], and the energies of 
the product “N nucleus, calculated 
from its range in & cloud chamber, 
and of the neutron, estimated from the 
maximum recoil of a proton after colli- 
sion, were found to be 0.00061 and. 
0.0035 amu, respectively. The energy 
of the boron target nucleus is negligi- 
ble, and hence the energy change Q of 
the reaction in mass units is 0.00061 4- 
0.0035 — 0.00565 = —0.00154. The 
atomic masses used by Chadwick were 
11.00825 for "B, 4.00106 for “He, and 
14.0042 for *N; hence, he found: 


Mass of neutron = 11.00825 4- 4.00106 
— 14.0042 — 0.00154 — 1.0067 amu. 


11.5. Another procedure, which was 
first used by J. Chadwick and M. 
Goldhaber in 1934, provided a more 
precise result for the neutron mass. 
'The method is based on the discovery 
that gamma rays of sufficient energy 
are able to disintegrate a deuteron 
into a proton and a neutron (§ 10.74); 
thus, 


iD y — iH + an. 


The Neutron 


The minimum energy necessary to 
break up the deuteron is now known 
to be 2.225 MeV, which corresponds to 
0.00239 amu. It follows, therefore, that 
the mass of the deuteron plus 0.00239 
should give the sum of the masses of 
the proton and the neutron. The cur- 
rent values for the atomic masses of 
deuterium and hydrogen are 2.01410 
and 1.007825 amu, respectively ; hence, 


Mass of neutron 
= 2.01410 + 0.00239 — 1.00782 
= 1.00867 amu. 


11.6. Since neutrons are involved in 
many nuclear reactions, either as pro- 
jectiles or as ejected particles, there 
are evidently numerous possibilities for 
calculating the mass of the neutron, 
provided the atomic masses of the 
target and product nuclides, and the 
reaction energy are known. From an 
examination of the best data available 
in 1967, it appears that the neutron 
mass is 1.008665 amu, based on the 
carbon-12 scale. 


RADIOACTIVITY OF THE NEUTRON 


11.7. In the discussion of negative 
beta-decay in $ 8.51, it was postulated 
that this type of radioactivity involves 
the conversion of a neutron. into a 
proton and an electron, together with 
an antineutrino. The sum of the masses 
of the proton, electron, and antineu- 
trino is virtually equal to the mass of à 
hydrogen atom, i.e. 1.007825 amu, 
since this atom consists of one proton 
and one electron whereas the mass of 
the antineutrino is probably zero. It 
will be observed that the total mass is 
less than the mass of the neutron by 
1.008665 — 1.007825 — 0.000840 amu, 
equivalent to 0.782 MeV of energy, 
and so it is possible to write 


in — 1H + -le + 0.782 MeV. 
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11.8. Since the conversion of a free 
neutron into a proton and an electron, 
together with an antineutrino, would 
be associated with the liberation of en- 
ergy, the process should take place 
spontaneously. In this event, the neu- 
tron would be the simplest radioactive 
species, decaying with the emission of 
a negative beta-particle, i.e., an elec- 
tron, leaving a proton as the product. 
Since both the neutron and the proton 
have one half unit of spin (§ 4.86), it 
is probable that the decay will cor- 
respond to an “allowed” beta transi- 
tion (§ 8.77). On this basis, it can be 
calculated that the half-life of the 
neutron shóuld be roughly 20 min. 

11.9. The difficulty in detecting the 
radioactive decay of the free neutron 
lies in the fact that such neutrons are 
readily captured by nuclei; conse- 
quently, the average life of a free 
neutron is short in comparison with 
its expected radioactive half-life pe- 
riod. Nevertheless, an attempt to study 
the decay of neutrons was initiated in 
1941 by L. W. Alvarez ($8.70), but 
the work was interrupted by the war. 
About 1948, the problem attracted 
the interest of A. H. Snell and his col- 
laborators at the Oak Ridge National 
Laboratory, and of J. M. Robson 
and his associates at the Chalk River 
Laboratory in Canada. The experi- 
mental procedure consists in passing 
a strong beam of neutrons through a 
cylindrical tank which has been highly 
evacuated. An electrostatic field is so 
arranged that protons resulting from. 
the beta decay of the neutrons are de- 
flected in one direction and the accom- 
panying electrons (beta particles) in 
another. A coincidence counting sys- 
tem, with a delay of about a millionth 
of a second to allow for the lower 
speed of the proton, responds only to 
the (almost) simultaneous arrival of a 
proton on one side of the neutron 
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beam and an electron on the other. 
From the frequency of these coinci- 
dences, it has been estimated that the 
rate of formation of protons and elec- 
trons corresponds to an average life of 
1010 sec, ie., a half-life of 700 sec 
(§ 5.46), for the free neutron, in gen- 
eral agreement with the calculated 
value given above. It is reasonably 
certain, therefore, that the free neu- 
tron is radioactive, in the sense that it 
disintegrates spontaneously with the 
emission of an electron, leaving a pro- 
ton as the residual particle.* 


Dirrraction or NEUTRONS 


11.10. One of the most striking ar- 
guments for the wave-particle duality 
of matter, which was discussed in 
Chapter 3, has been provided by the 
diffraction of neutrons. It has been 
known for some years that electrons, 
in particular, and also protons and 
alpha particles, exhibit the character- 
istic wave property of interference re- 
sulting in the production of diffraction 
patterns ($3.41). Although this evi- 
dence for the wave nature of matter 
is quite definite, some objection might 
perhaps have been raised on the 
grounds that the aforementioned par- 
ticles are all electrically charged, and 
that the same phenomena would not 
be observed with neutral matter. All 
doubts of this kind have been dispelled 
by the clear proof that wave properties 
are also associated with neutrons. In 
1936, W. M. Elsasser in France pre- 
dicted that neutrons would exhibit the 

. phenomenon of diffraction, and in the 
Same year experimental proof was ob- 
tained by H. von Halban and P. Preis- 
werk in France, and independently by 
D. P. Mitchell and P. N. Powers in the 
United States. Since that time the 
technique has been very greatly im- 
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proved, thanks largely to the neutron 
beams obtainable from nuclear fission 
reactors. A photograph, taken at the 
Oak Ridge National Laboratory, show- 
ing the neutron diffraction pattern of 
a sodium chloride crystal, is repro- 
duced in Fig. 11.1; this may be com- 
pared with Fig. 2.8 for the diffraction 
of X-rays. 


Fig. 11.1. Laue type diffraction pattern 
of sodium chloride obtained with neutrons. 
(Oak Ridge National Laboratory) 


11.11. According to the de Broglie 
equation (3.7), the wave length \ cm, 
equivalent to a particle of mass m 
grams, moving with a velocity v em 
per sec, is equal to h/mv, where h is 
the Planck quantum theory constant, 
6.62 X 10” erg sec. Since the energy 
E of a neutron is essentially all kinetic 
energy, it is equal to }4mv*, and 80 
mv in the de Broglie equation may be 
replaced by V/2mE; the equivalent 
wave length of the neutron is then 
given by 


(11.4) 


Upon inserting the value of m, the 


* A bound neutron in a nucleus is in a different energy state and does not exhibit this be- 


havior unless the nuclide is radioactive. 
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actual mass of the neutron, which is 
approximately 1.67 X 10- gram, and 
introducing the factor 1.60 X 10! 
for converting electron volts to ergs 
(8 3.33), it follows that 


"E 6.62 x 10-7 
V2 X 1.07 X 10 X 1.60 X 10-2E 


,;287 X 102 000 

VE $ 

where E is the neutron energy ex- 
pressed in electron volts. 

11.12. It is of interest to see what 
order of energy would be requisite for 
a neutron beam if the associated wave 
irain were to be capable of diffraction 
by a erystal. The wave length would 
have to be about 2 X 10-5 em, and 
hence it follows from the equation 
(11.5) that neutrons with energy of 
about 0.02 eV should exhibit diffrac- 
tion phenomena with crystals. This is 
precisely what has been found experi- 
mentally, and in § 11.87 it will be 
shown how reflection from a crystal 
surface is used to sort out neutrons of 
specific energies (or velocities). 

11.13. An application of neutron dif- 
fraction of exceptional interest is in 
connection with the study of molecular 
structure, Diffraction of X-rays by 
crystals and of electrons by gases has 


(11.5) 


been very widely used to determine the 
distances between atoms in a molecule. 
But these methods have one great 
drawback: because the diffraction of 
X-rays depends almost entirely, and 
that of electrons largely, on the num- 
ber of orbital electrons of the atom, it 
is not feasible to identify the positions 
of hydrogen and other light atoms with 
their few electrons. In the diffraction 
of neutrons, however, it is the scatter- 
ing by the nucleus which determines 
the extent of diffraction. In this respect 
the effect of hydrogen, in particular, 
is quite considerable. Hence, neutron 
diffraction makes possible the location 
in crystals of hydrogen and other light 
atoms. Other applications of neutron 
diffraction take advantage of the 
magnetic properties of the neutron 
(§ 12.75). For example, it is possible 
to distinguish between magnetic and 
nonmagnetic atoms in metal alloys. In . 
the nickel-copper system, the atoms 
are virtually indistinguishable by 
X-rays because their atomic numbers, 
28 and 29, are so close. But in neutron 
diffraction, the magnetic nickel atoms 
behave differently from the nonmag- 
netic copper atoms. Neutron diffrac- 
tion studies require intense beams of 
neutrons of a specific energy (or wave 
length), and these are obtainable by 
means of nuclear reactors (§ 11.23). 


PRODUCTION AND DETECTION OF NEUTRONS 


NEUTRON SOURCES 


11.14. The first recognized forma- 
tion of neutrons was the result of 
reactions of the (om) type, with be- 
ryllium, boron, and lithium. Subse- 
quently, other light elements, such as 
nitrogen, fluorine, sodium, magnesium, 
and aluminum, were found to emit 
neutrons when bombarded with alpha 
particles. Although none of these can 


be regarded as strong sources of neu- 
trons, from the present-day stand- 
point, a fair yield of neutrons can be 
obtained from’ the (a,n) reaction with 
beryllium. A convenient means of pro- 
ducing neutrons is a mixture of metallic 
beryllium with a small quantity of an 
alpha-particle emitter, such as a com- 
pound of polonium-210 (radium F), 
radium, or plutonium-239. Sealed cap- 
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sules containing radium emanation, 
i.e., the gas radon, and beryllium were 
employed at one time as an inexpen- 
sive neutron source. It is now rarely 
used, however, because of its short life. 
A good laboratory source based on the 
(an) reaction will produce about a 
million neutrons per second. 

11.15. The neutrons obtained from 
the reaction 


{Be + 2He — %C + in 


are not monoenergetic; that is to say, 
they do not all have the same energy. 
The reaction energy of the *Be(a,n)"C 
process is about 5.5 MeV, and this, less 
the recoil, and possible excitation, en- 
ergy of the "C nucleus, represents the 
minimum energy of the emitted neu- 
tron. Neutrons could be obtained with 
this energy, however, only if the in- 
cident alpha particle had zero en- 
ergy, and the probability of such par- 
ticles entering the beryllium nucleus is 
quite negligible. The alpha particles 
from radioactive sources have appreci- 
able energy, and most of this will 
ultimately appear as energy of the 
emitted neutrons. 

11.16. A number of reactions of the 
(dn) type have been employed as 
neutron sources, the accelerated déu- 
terons being generally produced by 
means of a cyclotron or other device 
(Chapter 9). With a cooled beryllium 
target, it is possible to use relatively 
strong deuteron currents, and neutrons 
are obtained at the rate of many bil- 
lions per second from the reaction 
*Be(d,n)"B. Another reaction of the 
same type, but somewhat less efficient, 
is "Li(dn)*Be; since the reaction en- 
ergy in this case is about 15 MeV, it is 
possible to obtain neutrons of fairly 
high energy by bombarding lithium 
with deuterons of moderate speed. 

11.17. The bombardment of deu- 
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terium nuclei by accelerated deuterons 
(§ 10.62) gives rise to the reaction | 


2D + 2D > 3He + In + 3.2 MeV, 1 


and this (d,n) process has been used as. - 
a source of neutrons. The target may — 
be solid deuterium oxide, obtained by | 


The reaction energy is positive, by — 
about 3.2 MeV, and a good yield of 
neutrons is possible even with deu- 
terons of relatively low energy, fotu 
example, down to 0.2 MeV. A valuable — 
source of neutrons of high energy - 
results from the analogous (d,n) re- 
action of accelerated deuterons with 
the heavier isotope of hydrogen, triz - 
tium (§ 10.62) ; thus, n 


1D + iT o tHe + in + 17.6 MeV. 


Further reference to this type of 
source, which is available commercially 
in convenient forms for laboratory use, - 
will be made in $ 11.92. 31 

11.18. Several light and moderately. 
heavy elements undergo (p,n) reac- 
tions, but only one of these processes, 
namely, 


iLi + IH — 1Be + jn — 1.62 MeV, 


ak 


me 


has been used to any extent as a source — 
of neutrons. Although the reaction | 
energy is here negative by 1.62 MeV, 
the actual threshold energy for the 
protons is about 1.88 MeV, the ad- 
ditional 0.26 MeV being mainly recoil 
energy of the "Be nucleus. 

11.19. Photonuclear reactions, name- — 
ly, reactions of the (y,n) type, have — 
proved to be particularly valuable — 
for the production of homogeneous, - 
i.e., monoenergetic, neutron beams - 
(§ 11.90); these are called photoneutron 
sources. Processes of the (y,n) type . 
invariably have negative reaction en- 
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ergies; consequently, the gamma rays 
must have a definite minimum (or 
threshold) energy before the process 
can take place. The energy of the 
neutron is then roughly equal to the 
energy of the gamma radiation used 
minus the threshold energy of the 
particular (y,n) reaction. If these two 
quantities are not very different, the 
neutrons will have relatively low en- 
ergies. 

11.20. Two photonuclear reac- 
tions mentioned in § 10.74, namely, 
2D(y,n)'H and *Be(y,n)*Be, for which 
the theoretical minimum energies are 
2.995 and 1.66 MeV, respectively, have 
been largely used to produce neu- 
trons. Any radioactive species emit- 
ting gamma rays of sufficient energy 
may be employed, in conjunction. with 
a deuterium compound or beryllium 
as the target. The half-life of the 
gamma-ray source should not be too 
short, so that the rate of neutron 
emission may remain fairly constant 
over an appreciable interval of time. 
Four such sources, namely, “Na, nGa, 
Sb, and “La, all artificial radio- 
nuclides, satisfy the foregoing require- 
ments. The gamma rays from "Na 
can be utilized. with either deuterium 
or beryllium to produce neutrons of 
different energies in the two cases; 
those from Ga are used with deute- 
rium only, in the form of heavy water, 
whereas the radiations from "Sb and 
wLa are employed to interact with 
beryllium, although the yields in the 
latter case are small. 

11.21. A convenient source of neu- 
trons consists of & rod of antimony, 
containing the 60-day “Sb radioiso- 
tope, surrounded by a beryllium metal 
cup. When newly prepared, a labora- 


* A potential strong source of neutrons is the artificial 
neutrons at the rate of about 2X 10" per sec per gram J 
(§ 13.56). Apart from its cost, an, important drawback may be its short 


for decay by alpha-particle emission. 
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tory source of this type emits neutrons, 
of approximately uniform (0.03 MeV) 
energy, at the rate of a few million 
per second. After the activity of the 
148b has decayed, it can be regenerated 
by exposure of the antimony rod to 
neutrons in a nuclear reactor (Chap- 
ter 14). 

11.22. Stripping reactions (§ 10.78) 
of the (dn) type, with deuterons of 
high energy, can be used as a means of 
producing energetic neutrons. The en- 
ergies of the neutrons obtained in this 
manner range around half the initial 
deuteron energy. Consequently, with 
the 200-MeV deuterons that were used 
in the earliest stripping reactions, the 
mean neutron energy was about 100 
MeV. Almost any element can serve 
as the target material in a stripping 


-reaction, but the yield of neutrons 


depends on the nature of the target. 
11.23. In recent years there has be- 
come available a source of neutrons so 
powerful that those described above, 
important though they may be, are 
almost insignificant in comparison. 
This source is a nuclear reactor in 
which uranium or plutonium is under- 
going fission. The process is initiated 
by neutrons, and it is also accompanied 
by the emission of neutrons. An even 
more intense source of neutrons than 
a reactor, which has found limited but 
important use for experimental pur- 
poses, is an exploding fission bomb (ef. 
§ 11.84). The subjects of fission and of 
nuclear reactors will be treated in 
greater detail in later chapters.* 


DETECTION OF NEUTRONS 


11.24. Since neutrons do not inter- 
act appreciably with electrons, they 
produce no significant primary ioniza- 
Hoope californium-252 which emits 
as the result of spontaneous fission 
-life (2.65 years) 
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tion. Direct detection of a neutron in 
any instrument such as is used for 
charged particles, or in track chambers 
(§ 7.86 et^seq.) which depend for their 
action upon ionization due to the 
entering particle, is thus out of the 
question. Nevertheless, devices of this 
type can be adapted to study neutrons 


by utilizing certain secondary effects. 


11.25. Two general principles have 
been employed in the detection of 
neutrons: first, use is made of the 


charged particles produced by the in- 
teraction of neutrons with various sub- 
stances introduced into the counter, 
and, second, advantage is taken of the 
recoil of nuclei of light elements after 
being struck by neutrons. In each 
case, the secondary particles produce 
ionization in their paths, so that their 
presence immediately becomes evi- 
dent. The choice of procedure depends 
chiefly on the energy (or speed) of the 
neutrons to be detected; for slow neu- 
trons, with energies up to a few thou- 
sand electron volts, the interaction 
method is mainly used, but for fast 
neutrons, having energies of the order 
of a million (or more) electron volts, 
the recoil principle is generally em- 
ployed. 

11.26. The most common instru- 
ments for the detection of slow neu- 
irons utilize the reaction of these 
neutrons with the less abundant iso- 
tope of boron, '*B; thus, 


SB + in  fLi + He + 2.5 MeV, 


the 2.5 MeV reaction energy being 
carried off by the resulting lithium 
nucleus and alpha particle which pro- 
duce considerable ionization in their 
tracks. In order to take advantage of 
this process, a counter containing bo- 
Ton (or a compound of boron) is em- 
ployed. The chamber may either con- 
tain boron trifluoride as part of the 
filling gas or the walls may be lined 
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with a thin coating of elemental boron 
or of a solid compound, such as boron 
carbide. Since it is actually the YB 
isotope, present to the extent of less 
than 19 percent in natural boron, - 
which is involved, better results are — 
obtained if the boron compound is en- — 
riched in the '"B isotope. By using a - 
chamber of suitable size, every neutron — 
entering can be made to interact with - 
a VB nucleus; the number of counts - 
recorded then gives the number of 

neutrons. The counter may be of the | 
ionization chamber type (§ 7.13), al 7 
though it is more usual to operate it 

in the proportional region (§ 7.22). The - 
*He(n,p)*T reaction ($11.55) has also 


been utilized for the detection of neu- T 


trons in proportional counters con- 
taining helium-3 gas instead of boron 
trifluoride. Ionization is then caused j 
by the proton and triton which are the _ 
reaction products. i 

11.27. It was mentioned in $7441 -— 
that the track of an lonizing particle 
in a photographie emulsion becomes 
visible upon development as a line of 
fine grains of silver. Neutrons do not 
affect the silver halide in the emulsion 
directly, but if boron is present in the 
form of a compound, such as borax, 
the charged particles produced in the 
reaction with slow neutrons can be 
readily detected. 

11.28. Another type of neutron re- 
action, namely fission, has been used 
in what have been called fission cham- 
bers to detect slow neutrons. Such 
neutrons are able to cause uranium- 
235 to undergo fission, and the fission 
fragments have considerable ionizing 
effect. A simple type of fission chamber 
for observing neutrons thus consists of 
an ionization chamber of which one 
electrode is coated with uranium oxide, 
preferably enriched in the uranium- 
285 isotope. ; 

11.29. Scintillation counters (§ 7.44) 
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have also been adapted to the detec- 
tion and counting of neutrons, The 
methods used are based on the addition 
to the scintillator material of an ele- 
ment which interacts with neutrons to 
yield particles capable of producing 
scintillations directly. For example, a 
boron compound may be included in a 
solid zine sulfide (silver activated) or 
a sodium iodide (thallium activated) 
phosphor. With a liquid or plastic 
organic scintillator, the boron may be 
added in the form of methyl borate. 
Since organic phosphors respond read- 
ily to gamma rays, an alternative pos- 
sibility is to add a cadmium compound, 
e.g., cadmium octoate. As a result of 
the capture of slow neutrons by cad- 
mium, the (n,y) reaction occurs and 
the gamma-ray photons produce scin- 
tillations. By incorporating a nuclide 
which reacts with neutrons to produce 
ionizing particles, e.g., boron-10 or 
lithium-6 (§ 11.58), semiconductor de- 
tectors (§ 7.58) can be used as neutron 
counters. Detectors of this type have 
also been operated in an atmosphere of 
helium-3 gas to utilize the 3He(n,p)*T 
reaction. 

11.30. When fast neutrons are being 
studied, it is the general practice to 
make use of the ionization in the track 
of a light nucleus recoiling after being 
struck by a high-energy neutron. For 
this purpose a proportional counter 
may be filled with hydrogen or deute- 
rium, but a better procedure is to use 
argon, or one of the heavier noble gases, 
as the filling gas and to place a thin 
sheet of a hydrogenous material, such 
as paraffin, at one end of the chamber. 
Fast neutrons striking the paraffin 
cause the ejection of protons; these 
produce ionization in their paths 
through the counter, and so can be 
detected. The recoil effect in a cloud 
chamber containing hydrogen may also 
be used to indicate the presence of 


neutrons, as shown in Fig. 11.2. Alter- 
natively, a bubble chamber, filled with 
liquid hydrogen or a hydrogen-con- 
taining compound, may be employed. 


Fig. 11.2. Cloud tracks produced by pro- 

tons recoiling after collisions with fast neu- 

trons. (E. O. Lawrence and D. Cooksey, 
Phys. Rev., 50, 1138 (1936)) 


From the maximum length of the paths 
of the recoiling protons the energy of 
the neutrons can be estimated. The , 
presence of recoil protons due to neu- 
trons can also be made evident by their 
effect on photographic film, and from 
the lengths of the recoil tracks the en- 
ergy of the neutrons can be calculated. 
These protons may result from col- 
lision of the fast neutrons with hy- 
drogen atoms in the emulsion or in & 
hydrogenous material, such as water, 
in the vicinity. Fast neutrons can be 
detected by means of an organic phos- 
phor (solid or liquid) in a scintillation 
counter, without addition of any other 
material. The organic compound con- 
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tains a large proportion of hydrogen 
so that fast neutrons produce recoil 
protons which cause scintillations. 

11.31, Although uranium-235 un- 
dergoes fission with either fast or slow 
neutrons, only fast neutrons can cause 
this type of process in the more abun- 
dant uranium-238. Hence a fission 
chamber for the detection of fast neu- 
trons can be designed using a uranium 
compound which has been depleted in 
the lighter isotope; such a device will 
respond to fast, but not to slow, neu- 
trons. Another possibility is to use a 
fission chamber, without special at- 
tention to the particular uranium iso- 
tope present, surrounded by cadmium 
or boron. These materials will absorb 
the slow neutrons, and so any fission 
observed in the chamber is due to fast 
neutrons. 

11.32. If it is not required to dis- 
tinguish between fast and slow neu- 
irons, then the particles may be slowed 
down by passage through a layer of 
paraffin or of water a few centimeters 
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in thickness, as explained below. The 


resulting neutrons can then be ob- 1 
served by any of the forms of slow- i 


neutron counter. 
11.33. A principle somewhat differ- 


ent from those already considered has - 


been applied to the detection and 
counting of neutrons of particular en- 


ergies. Certain elements, e.g., indium, ^ 


gold, and rhodium, have very large 


cross sections (§ 10.98) for the capture 


of neutrons with energies lying within 
narrow ranges (§ 11.100). The reac- 
tions are of the (n,y) type and the. 


product is a radioactive isotope of the - 
original target nucleus. The amount of _ 


active material formed, and hence the 
number of neutrons absorbed, can be 
estimated by observing its beta decay 


in a particle counter. Alternatively, à 


thin sheet of the metal, indium for ex- 
ample, in contact with a photographic 
film, may be used to detect neutrons. 
The radioactivity of the product of 
neutron interaction with the indium 
causes a fogging of the film. 


SLOWING DOWN OF NEUTRONS 


ELASTIC SCATTERING 


11.34. The simplest type of nuclear 
reaction in which neutrons are the pro- 
jectiles is elastic scattering (§ 10.94). 
There are several different mechanisms 
for the elastic scattering of neutrons, 
but in every case the net result is 
simply that kinetic. energy is trans- 
ferred from a (fast) neutron to the 
target nucleus. The neutron then re- 
coils with less energy than it had be- 
fore the impact. The effect is essen- 
tially an elastic or “billiard-ball” type 
of collision of the neutron with the 
atomic nucleus; the interaction may 
thus be treated by the ordinary laws of 
mechanics, based on the principles of 
conservation of kinetic energy and 


of momentum. In § 11.2, this approach 
was used in considering a head-on col- 
lision in which there is a maximum 
transfer or energy from a neutron to & 
struck nucleus, but in the most general 
case allowance must be made for pos- 
sible collisions at all angles of impact. 

11.35. The calculations are per- 
formed by appropriate integration, 
and the result shows that in each 
collision a neutron loses, on the aver- 
age, a definite fraction of the energy 
it had just prior to the collision. This 
fraction, as might be expected, is 
greater the smaller the mass of the 
nucleus with which the neutron col- 
lides. The energy of a neutron, apart 
from the energy equivalence of its 
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mass, is entirely kinetic in nature, 
and so it is directly related to its 
velocity (83.5). It is seen, therefore, 
that the speed of a neutron is de- 
creased in a collision with an atomic 
nucleus, the fractional extent of this 
decrease being greater the lighter the 
struck nucleus. Thus, in a medium of 
low atomic weight (or mass number) 
fewer collisions are required to slow 
down a neutron over a given energy 
range than in a medium of higher 
atomic weight (or mass number). 


THERMAL NEUTRONS 


11.36. After a number of collisions 
with nuclei, the speed of a neutron is 
reduced to such an extent that it has 
approximately the same average ki- 
netic energy as the atoms (or mole- 
cules) of the medium in which the 
neutron is undergoing elastic scatter- 
ing. This energy, which is only a small 
fraction of an electron volt at ordinary 
temperatures (§ 11.39), is frequently 
referred to as the thermal energy, since 
it depends upon the temperature. 
Neutrons whose energies have been re- 
duced to values in this region are 
designated thermal neutrons. The proc- 
ess of reducing the energy of a neutron 
to the thermal region by elastic scatter- 
ing is sometimes called thermalization 
or, more commonly, slowing down. It 
will be seen in Chapter 14 that the 
slowing down of fast neutrons by col- 
lisions with nuclei plays a significant 
role in the nuclear fission reactors in 
which atomic energy is released. The 
material used for the purpose is then 
called a moderator; a good moderator 
reduces the speed of neutrons in a 
small number of elastic collisions, but 
does not absorb them to any great 
extent. 

11.37. The suggestion that fast 
neutrons are slowed down by pas- 
sage through hydrogen-containing sub- 


stances, such as water or paraffin, until 
their energies reached thermal values 
was made by E. Amaldi, O. D'Agostino, 
E. Fermi, B. Pontecorvo, F. Rasetti, 
and E. Segré in Italy in 1935, in the 
course of their important work on the 
radiative capture of neutrons (8 11.46). 
Soon afterward, P. B. Moon and J. R. 
Tillman in England obtained experi- 
mental evidence of this phenomenon 
by showing that neutrons after pass- 
ing through paraffin cooled to about 
—180°C reacted more readily with sil- 
ver, rhodium, and iodine than they did 
at ordinary temperatures. Slow neu- 
trons are more easily captured by these 
nuclei than are fast neutrons ($ 11.46). 
Subsequently, several physicists made 
direct measurements of neutron veloci- 
ties, and confirmed the fact that the 
values were those to be expected for 
particles with thermal energies. 

11.38. It should be emphasized that 
the property possessed by neutrons, : 
of having their energies reduced from 
millions of electron volts to thermal 
values of a fraction of an electron volt, 
and of still being capable of producing 
nuclear reactions, is very striking. 
Protons, alpha particles, and other 
charged particles can be slowed down, 
but they can then no longer interact 
with nuclei, beeause they are unable 
to penetrate the electrostatic energy 
barriers. In any event, as the positive 
particles are slowed down they soon 
pick up electrons, becoming neutral 
atoms and losing their ability to cause 
nuclear reactions. Slow neutrons, on 
the other hand, can enter nearly all 
atomic nuclei (§ 11.47), and induce 
fission of certain of the heavier ones 
(§ 13.74). It is these properties of the 
neutron which have made possible the 
utilization of atomic (nuclear) energy. 

11.39, The average thermal (kinetic) 
energy of any particle is equal to 
3¢kT, where k is called the Boltzmann 
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constant,*. equal to 1.38 X 10-" erg, 
or 8.62 X 10-5 eV, per degree and T is 
the absolute (Kelvin) temperature 
(83.27 footnote). The normal value 
of T is approximately 293° on the 
Kelvin scale, that is, 20°C, and so 
the thermal energy of a particle at 
ordinary temperatures is about 0.038 
eV. In neutron studies the thermal 
energy is usually taken as kT,f instead 
of 3%kT, and a thermal neutron is 
regarded as one with an average en- 
ergy of 0.025 eV at normal temper- 
atures. It is apparent, of course, that 
the energy of a thermal neutron will 
depend on the temperature of the sur- 
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high energies. For the purpose of si 
plicity, the energy distribution will be 
ignored in the subsequent discussion, 
as it remains essentially unchanged. - 

11.40. Since the mean fractional de- 
crease of energy per collision can be- 
determined, as indicated above, it is” 
possible to calculate the number of 
collisions necessary to reduce the ens 
ergy of a neutron from a particular” 
value, say 1 MeV, to the thermal 
energy of 0.025 eV at ordinary tem- 
peratures. The results obtained in this — 
manner for a number of the lighter: 
elements are quoted in the accom- 
panying table. It should be noted that, - i 


Element H D He Be c o 
Mass number 1 2 4 9 12 16 
Fractional energy loss per collision 0.63 0.52 0.35 0.18 0.14 e i 
Collisions for thermalization 18 25 42 90 114 150 

0.33 | 0.00057) ~0 0.009 | 0.0037| 0.0002 


Capture cross section (barns) 


roundings; thermal neutrons in a nu- 
clear fission reactor will have appreci- 
ably larger energies than such neutrons 
in the atmosphere because the temper- 
ature is higher. Even at a specific 
temperature, however, not all thermal 
neutrons will have the same energy 
(or velocity); just as with molecules of 
a gas, there is a distribution of en- 
ergies, usually spoken of as the Maz- 
well distribution. The energies of most 
thermal neutrons lie close to the mean 
(or most probable) value, but there 
is a spread, with small proportions of 
neutrons having very low and very 


* Named for L. Boltzmann, the Austrian mathematical physicist, who made important — 

contributions to the kinetic theory of gases and related subjects. J 

to the most probable velocity. 5 

, who, in 1860, que the theoretical equa- - 
olecules. 


This is the energy correspondin, 
Teo salied eres PO Maroni 


k led after J. ( 2.25, 3.22) 
tion for the distribution of energy (or velocity 


since the fractional energy loss in & — 
given collision depends upon the angle — 
of impact (8 11.35), the values tabu- 
lated, as well as the numbers of col- 
lisions required to thermalize a 1-MeV ^ 
neutron, are average values based On . 
a large number of collisions between 
neutrons and the specified nuclei. 

11.41. It is seen that a 1-MeV new : 
tron wil, on the average, have to 
make about 18 collisions with hydro- - 
gen nuclei before its energy is re — 
duced to thermal values, but approx - 
mately 114 collisions will be necessary 
with carbon nuclei to bring about the 


among gas m: 


The Neutron 


same energy decrease.* The number 
of collisions necessary to thermalize a 
1-MeV neutron obviously increases 
with the mass number of the nucleus 
with which it collides; hence moder- 
ators for slowing down neutrons should 
consist of the lighter elements. In order 
that the thermalization process may 
take place as rapidly as possible, it 
is desirable to use a solid or liquid as 
moderator; the nuclei are then packed 
more closely than in the gaseous state, 
and collisions with neutrons occur 
more frequently. Substances like liquid 
water and paraffin (hydrocarbon) wax, 
the latter consisting of hydrogen and 
carbon, are thus cheap and convenient 
materials for slowing down fast neu- 
trons. But neither of these is altogether 
satisfactory for use as a moderator, 
because there is an appreciable prob- 
ability that the slow-moving neutron 
will react with, and hence be absorbed 
by, a hydrogen nucleus. In other 
words, the hydrogen’ nucleus has a 
relatively high cross section for re- 
action with slow neutrons. This is 


shown by the approximate capture. 


cross sections for thermal neutrons 
given in the last line of the table. 
Nevertheless, for reasons which will 
be apparent in Chapter 14, there are 
several types of nuclear reactors in 
which water is used as the moderator 
for slowing down neutrons. 

11.42, An ideal moderator, in the- 
ory, would be liquid helium, since this 
element of small mass number does not 
absorb neutrons to any detectable ex- 


NEUTRON 


RADIATIVE CAPTURE 


11.44. The neutron, being electri- 
cally neutral, is not subjected to elec- 


* These collisions do not take into account the 


in graphite, for example, and also the in 
n, as in par: z 


ese factors are important, 
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tent under any conditions. But, since 
the temperature would have to be ex- 
tremely low, use of liquid helium is, 
obviously, not practical. Of the remain- 
ing elements included in the table, 
deuterium, in the form of deuterium 
oxide (heavy water), beryllium, and 
carbon offer distinct possibilities, and 
these materials are actually used as 
moderators in various nuclear reactors. 
It will be noted that the light elements 
lithium and boron have been omitted 
from consideration; the reason is that 
their nuclei have such high absorption 
cross sections for slow neutrons that 
these substances have no practical 
value as moderators. 

11.43. The speed of a 1-MeV neu- 
tron is about 1.4 X 10° cm per sec, 
and this is decreased to about 2.2 X 105 
em per sec, when the energy of the 
neutron is reduced to that of the ther- 
mal region. But even a “slow,” thermal 
neutron travels at a rate of appreciably 
more than a mile per second. After a 
neutron has been slowed down, a proc- 
ess which takes a very small fraction 
of a second, it still continues to move 
about the medium, colliding with 
nuclei, until it is either captured or it 
escapes. The motion (or diffusion) of 
thermal neutrons is of great impor- 
tance in connection with the design of 
nuclear reactors. The theoretical treat- 
ment of neutron diffusion, which in- 
volves mathematics of an advanced 
character, is somewhat similar to that 
used by engineers in the study of heat 
flow. 


REACTIONS 


trostatic repulsion, as are charged par- 
ticles, when it approaches an atomic 
nucleus. In fact, as the neutron ap- 
possible effect of crystal scattering (§ 11.10), 


scattering of slow neutrons by bound 
but they do not affect the main arguments, 
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proaches the nucleus, attractive forces 
begin to operate and the neutron may 
be captured. Because of the absence 
of repulsion, there is no energy barrier 
preventing the access of the neutron 
to an atomic nucleus; hence even the 
slowest neutrons, such as the thermal 
neutrons described in the preceding 
section, can readily react with the 
nucleus. For the nuclei of most ele- 
ments, other than the very lightest, the 
addition of a neutron results in an in- 
crease of energy equal to about 8 MeV 
(§ 12.7), plus the kinetic energy of the 
incident neutron. Consequently, even 
when a thermal neutron, with only a 
small amount of energy, is captured 
the compound nucleus formed will be 
in a high-energy, excited state. This 
attains relative stability by the ejec- 
tion of a charged particle or by emit- 
ting the excess energy as gamma radia- 
tion. The residual (recoil) nucleus is 
hot always completely stable, for it is 
frequently radioactive. 

11.45. The first nuclear transmuta- 
tions brought about by neutrons were 
reported in 1932 by N. Feather in 
England, and by W. D. Harkins, D. M. 
Gans, and H. W. Newson in the United 
States. Fast neutrons were employed, 
and (n,a) reactions were observed 
with nitrogen, oxygen, fluorine, and 
neon nuclei as targets. In 1934, D. E. 
Lea in England detected gamma rays 
when hydrogen-containing substances 
were bombarded with fast neutrons; 
it was suggested that these represented 
the energy liberated in the formation 
of a deuteron from a neutron and a 
proton, so that the reaction was a 
simple type of radiative capture, i.e., 
(n,y), process ($ 10.46). 

11.46. The great importance of the 
radiative capture reaction with neu- 
trons became apparent from the work 
of E. Fermi and his collaborators in 
Italy during 1934. At that time the 
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known transmutation reactions 
volved only the lightest elements, but 
they found that of some 60 elements 
bombarded with neutrons, about two 
thirds, ranging from low to high 
atomic numbers, were converted into 
radioactive isotopes of the targe 
material. In the course of these 
studies, the Italian scientists referred 
to in § 11.37 noted that if the neutroi 
were passed through water or paraffin 
they became much more effective in 
radiative capture (n,y) reactions. This: 
extremely significant phenomenon was 
attributed to the slowing down of the 
neutrons by the hydrogen-containing 
material, the slow neutrons being more. 
readily captured by the target nuclei: 
Subsequently, measurements of ab- 


neutrons is historically significant, for 
it led ultimately to the realization of 
nuclear fission, and consequently 10 
the practical possibility of utilizing. 


11.47. The radiative capture reat- 
tion with slow neutrons is probably 
the most common nuclear process, for 
it takes place with nearly all elements: 
The product is an isotope of the target. 
nuclide with a mass number one unit 
larger. The energies, i.e., the Q values; 
of these reactions are always positive; 
disregarding the small kinetic energy. of 
the slow neutron, Q is equal to the 
binding energy of the neutron in the 
compound nucleus, i.e., around 8 MeV 
for most nuclei other than the lightest 
In radiative capture reactions, the 


cleus is in a bound state (§ 10.45) and 
the excess energy is emitted as one OF 
(usually) more gamma-ray photons} 
the total energy of these photons 18 
equal to the Q of the reaction. The 
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simplest (n,y) reaction with slow neu- 
trons occurs with hydrogen as the 
target nucleus, thus, 


iH + in > 1H +7, 


the product being deuterium. This is 
the reaction whereby the absorption of 
slow neutrons by hydrogen, in water 
or paraffin, mentioned in § 11.41, takes 
place. The reaction is seen to be ex- 
actly the reverse of that described in 
§ 11.19 for the production of neutrons 
by the action of gamma rays on deute- 
rium. Since the minimum energy nec- 
essary for the latter reaction is known 
to be 2.225 MeV, it follows that in the 
(n,y) reaction with hydrogen, the en- 
ergy of the gamma radiation will have 
at least this value. The emission of 
such radiation has been observed ex- 
perimentally. 

11.48. The capture of a neutron, 
followed by the emission of gamma 
rays, must be associated with an in- 
crease in the neutron-to-proton ratio. 
Hence, the product of an (n,y) reac- 
tion is likely to be radioactive, espe- 
cially if the ratio of neutrons to protons 
in the target nucleus is already near 
the upper limit of stability for the 
given atomic number. Consequently, 
radiative capture reactions have been 
extensively used for the production of 
radioisotopes (§ 17.26). A radionuclide 
obtained in this manner will usually 
emit a negative beta-particle,* for this 
mode of decay means that the neutron 
is replaced by a proton, thus bringing 
the neutron-to-proton ratio back into 
the range of stability. Well over a 
hundred (n,y) reactions leading to 
beta-active isotopes have been re- 
ported. Two of these, in which Rh 
and In, respectively, are the target 
nuclei, i.e., 
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18Rh + in — "Rh (42 sec) + y 
4y8In + jn > "idIn" (54 min) + y, 


are of particular interest because they 
are used for the detection of neutrons 
of more or less specific energies, as men- 
tioned in § 11.33.1 

11.49. Perhaps the most notable of 
all (n,y) reactions, to which reference 
only will be made here, as it will be 
treated more fully in later chapters, is 
that undergone by uranium-238; thus, 


cU + in QU + y- 


The product uranium-239 is a negative 
beta-emitter with a half-life of 23.5 
min; it decays by the process 


"WU — *8Np + fe, 


the daughter being an element of 
atomic number 93, i.e., neptunium 
(Np), which does not exist in nature 
to any detectable extent. Neptunium- 
239 is itself beta-active (half-life 2.35 
days), as follows, 


*3Np — "Pu + -te; 


the product is an isotope of mass num- 
ber 239 of the new element of atomic 
number 94, called plutonium (Pu). It 
is an alpha-particle emitter with a 
fairly long half-life (8 16.27). 


EJECTION or CHARGED PARTICLE 


11.50. It has been stated on several 
occasions that a charged particle, such 
as a proton or an alpha particle, is 
hindered from leaving an atomic nu- 
cleus by the electrostatic repulsion 
barrier. Hence, processes of the (n,p), 
(n,d), (n,t), and (n,a) types can take 
place only when the incident neutron 
supplies sufficient energy to overcome 
the force binding the charged particle 


* Several instances have been reported of products of (n,y) reactions which are positive 


beta-active or exhibit orbital-electron capture; in 
the target nucleus is near the lower limit of stability for the parti 


the neutron-to-proton ratio. of 


case, 
cular atomic number. 


t The superscript m refers to a metastable (isomeric) state (§ 10.151). 
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in the compound nucleus and also to 
permit it to escape. It is consequently 
to be expected that these reactions 
will, in general, require high-energy 
(fast) neutrons. This has been found 
to be true, with some few exceptions 
which will be considered in due course. 
Further, since the height of the elec- 
trostatic barrier preventing emission of 
a charged particle increases with the 
atomic number, i.e., with the positive 
charge, of the target nucleus, the requi- 
site neutron energy becomes greater 
with increasing atomic number of the 
target material. 

11.51. Nuclear processes of the (n,p) 
type are usually associated with a neg- 
ative reaction energy of about 1 MeV 
or more, and so fast neutrons having 
this amount of energy, at least, are 
necessary. For a few light nuclides, 
*He and “N, in particular, the energy 
change for the (n,p) reaction is posi- 
tive, instead of negative, and, in ad- 
dition, the potential barrier inhibiting 
the escape of the proton is relatively 
low because of the small atomic num- 
bers of the nuclei. In these instances, 
therefore, the (n,p) processes, namely, 
*He(n,p)°T and *N(np) C, respec- 
tively, can take place with slow neu- 
trons. The latter reaction is of special 
interest and importance, for it is used 
in the preparation of the radioactive 
MC isotope of carbon. It will be seen 
in Chapter 17 that this nuclide has 
proved of exceptional value in the 
study of processes occurring in living 
organisms and in other respects. Ap- 
preciable quantities are made by ex- 
posing pellets of beryllium nitride to 
the intense neutron concentration of a 
nuclear fission reactor. By the action 
of these neutrons the “N atom is trans- 


* À few exceptional cases are known in which the product of an (n,p) reaction is & he j 
capture; 


itter x d Rede 
species are analogous 
for the patilar kiini bes. 
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instances in § 11.48, St the lower limit of sta 
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muted into one of “C, by the (np) 
reaction mentioned above. After ex.” 
posure, the material is dissolved im 
acid and the evolved gases are oxidized; 
by hot copper oxide to yield radios 
bon dioxide (4C0;). The latter i is abe 


by means of barium hydroxide. J 
11.52. Because the gain of a neutron) 
and the loss of a proton means an 
increase in the neutron-to-proton ™ 
tio, most of the products of (np) 1 
actions. are radioactive, decaying wil 


cl.* It is to be noted that the nude 
resulting from the decay is identical 
with the original target material, and 
this fact permits some interesting light 
to be shed on the energy changes ol 
the (n,p) reactions. y 

11.53. Consider, for purposes ET 4 
lustration, the “N(n,p)"C reaction 
namely, 


1N + in — $C + iH +Q, 


the radioactive “C decaying by 
process 


%C — UN + -Ye + Esas. 


The final product “N is thus identical 
with the initial target nuclide. The 
reaction energy of the (n,p) process 14 
represented by Q, whereas the energy 
change accompanying the beta de 
is equivalent to Emax (§ 8.49); 
maximum (or end-point) energy of thé 
emitted beta particles. * 

11.54. The over-all result of the two 
processes is obtained by adding ta% 
two foregoing equations and canceling: 
out such species as appear on both 
sides; the net effect is seen to be 


in > IH + -le + Q + Ems 


the neutron-to-proton ratios of Ha 
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In other words, as a consequence of the 
(n,p) reaction and the ensuing beta 
decay, a neutron has been converted 
into a proton and an electron, together 
with, of course, a neutrino in the sec- 
ond stage. The energy change of this 
process is known to be 0.782 MeV 
(§ 11.7) and so it follows that Q +Emax 
must have this same. value. 

11.55. The result, derived above by 
taking a specific example, is com- 
pletely general for all cases of the type 
under consideration. The sum of the 
energy of the (n,p) reaction and the 
maximum energy of the beta decay 
which follows must inevitably add up 
to +0.782 MeV, so that the (n,p) reac- 
tion energy Q is equal to 0.782 — Emax. 
In the majority of instances Emax is 
larger than 0.782 MeV; the (n,p) re- 
action energy is thus negative, as 
stated above. But it happens that the 
energies of the beta particles emitted 
by tritium (T), by carbon-14, and by 
sulfur-35 are exceptionally low, 0.018, 
0.156, and 0.167 MeV, respectively. 
Hence, the reactions *He(n,p)*T, 
UN (n,p)4C, and “Cl(n,p)"S, in which 
these nuclides are formed, are accom- 
panied by positive energy changes, 
thus making it possible for the reac- 
tions to occur with neutrons of low 
. energy. 

11.56. In order to permit expulsion 
of a deuteron, a compound nucleus 
must have at least 14 MeV of en- 
ergy available (§ 10.43). Consequently, 
processes of the (n,d) type should re- 
quire neutrons of high energy. But 
such reactions are somewhat unex- 
pected, in any event, since the emis- 
. sion of a neutron and a proton might 
be more probable. Nevertheless, (nd) 
reactions have been detected as a result 
of the bombardment of elements of 
low, medium, and high atomic number 
by 90-MeV neutrons. These reactions 
with neutrons of high energy do not 
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involve compound nucleus formation, 
but are essentially direet reactions of 
the pick-up type described in § 10.78. 
The neutron evidently passes close 
enough to the target nucleus to remove 
a proton and carry it off as a deuteron. 
There is some evidence that (nf) re- 
actions can take place in a similar 
manner. l 

11.57. If it were not for the electro- 
static potential energy barrier which 
makes it difficult for an alpha particle 
to leave the compound nucleus, an 
(n,a) reaction with a given target ma- 
terial would usually be more probable 
than the corresponding (n,p) process. 
The reason is that the removal of an 
alpha particle from a nucleus generally 
requires about 4 MeV, whereas 8 MeV 
are necessary to detach a proton 
(§ 10.48). Since the entering neutron 
contributes about 8 MeV, the reaction 
energies for (n,a) processes usually 
have positive values. When the target 
element has a low atomic number, the 
potential energy barrier tending to 
hold back the alpha particle is not too 
high, and hence (n,o) reactions might 
be expected to take place when such 
elements are bombarded with slow neu- 
trons. This is actually the case with 
boron-10, the reaction ?"B(n,a)'Li be- 
ing employed, as stated in § 11.26, for 
the detection of slow neutrons. 

11.58. Another process of the same 
type has been observed when low- 
energy neutrons react with the lighter, 
less common ‘Li isotope of lithium; 
the (n,o) reaction, with an energy 
change of about 4.5 MeV, is 


$Li + jn — 1T + He, 


so that the product is tritium, the 
hydrogen isotope of mass number 3. 
The bombardment, by means of neu- 
trons from a nuclear reactor, of ordi- 
nary lithium, which contains about 7.5 
percent of lithium-6, is the method 
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amounts of tritium. 

11.59. As the'atomic number of the 
target nueleus increases, the height of 
the potential barrier rises rapidly, and 
emission of an alpha particle becomes 
less probable. In order for the (n,a) 
process to take place, additional en- 
ergy must be supplied in the form of 
kinetic energy of the neutron projec- 
tile; hence, for elements of higher 
atomic number the (n,a) reaction is 
possible only if high-energy, i.e., fast, 
neutrons are available. Processes of 
the (n,a) type are not common with 
target materials of atomie number 
exceeding 40, although mercury, thal- 
lium, and lead, atomic numbers 80, 81, 
and 82, respectively, have been re- 
ported to react in this manner. As a 
general rule, when the neutron has 
sufficient energy to make the (n,a) re- 
action possible with an element of 
high atomie number, other processes, 
such as (n,2n), take place simultane- 
ously and preferentially. 

11.60. In an (n,a) reaction, one neu- 
tron enters the system but two neu- 
trons and two protons leave, in the 
form of an alpha particle; conse- 
quently, the produet nucleus has one 
neutron and two protons less than did 
the target. That is to say, the neutron- 
to-proton ratio of the product is 
greater than that of the bombarded 
species. It is not surprising therefore 
that many of the nuclides formed in 
(n,a) processes are radioactive, decay- 
ing with the emission of a negative 
beta-particle. Two examples are 


IF + da — BN + tHe, 
followed by the decay, with a 7.38-sec 
half-life, i.e., 
MN — fe + 40, 
and ; 
Zn Tin SNI + iHe, 
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used for the prodüction of appreciable | followed by the decay, with a 2.56 


Chop. 


hour half-life, i.e., 


$8Ni — le + SiCu. 


11.61. For elements of low ato! 
number, the first accessible excited 
ergy level of the target nucleus is 


the ground state. Consequently, 
a neutron has a fairly high ene 
which depends on the nature of 
target nucleus, it cannot undergo 
elastic scattering and produce exei! 
states of nuclei of the lighter elements) 
(§ 10.97). Elastic scattering of nel 

trons is possible, of course, at all ens 
ergies. With increasing atomic numbel, 
the minimum excitation energy de 
creases to about 0.1 MeV (§ 11.10 
neutrons with energy in excess of 
amount can then exhibit inelastic 8 
tering. Magie nuclei (§ 12.105) 2 
exceptional, however, since the excita 
tion energies are larger than might bi 
expected. Inelastic scattering can tax 
place by way of compound nuclet 
formation, with neutrons of mod 
ately high energy, or as a result 0 
direct interaction, with neutrons 0 
high energy. In either case the neutron 
remaining has a lower (kinetic) ene 
than the incident neutron, and the 


state. 
11.62. In some instances, the transi 
tion of the excited state of the nucle 
to the ground state, accompa 
by. the emission of the excess e» 
ergy as inelastic scattering gamma r&y 
(810.96), takes place within suc 
short time interval after the ejectio! 
of the neutron that the excited 8 
has virtually nó independent e 
ence. The expulsion of the neutron 
the gamma-ray photon may 
be regarded as taking place a 
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simultaneously. Of greater interest, 
however, is the type of inelastic scat- 
tering in which the transition prob- 
ability from the excited state to the 
ground state of the nucleus is small 
because of spin and parity considera- 
tions (§ 10.158). The excited state is 
then a metastable state, i.e., an isomer, 
of a stable nuclide; it has a fairly long 
half-life, and decays by the emission 
of gamma rays at a measurable rate. 
Four nuclides exhibiting this type of 
behavior with fast neutrons are Rh, 
Ag, Cd, and “In. 


Fasr-NEUuTRON REACTIONS 


11.63. If an incident neutron has 
about 10 MeV energy, it contributes a 
total of approximately 18 MeV to the 
system, since the binding energy of a 
neutron is usually in the vicinity of 
8 MeV, except for the lightest ele- 
ments. Sufficient energy is conse- 
quently available to make it possible 
for two neutrons to be ejected from 
the compound nucleus. Hence, with 
neutrons of 10 MeV energy or more, 
processes of the (n,2n) type are ob- 
served, the probability (or cross sec- 
tion) increasing rapidly with increas- 
ing energy of the incident neutron. 
Such reactions have been detected with 

' a large number of nuclides, ranging 
from carbon to uranium; two exam- 
ples are 


9C + in > YC + 2in 
and 
"BU + bn — "HU + 2in, 

the residual nucleus being isotopic 
with, but one mass unit lighter than, 
the target in each case. 

11.64. About two thirds of the one 
hundred or so radioisotopes produced 
in (2n) processes decay with the 


emission of a positive beta-particle, or 
by the equivalent orbital-electron cap- 
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ture (§ 10.138). This” is in harmony 
with what might be expected, since.the 
reaction is accompanied by, a decrease , 
in the neutron-to-proton Tatió. The 
change is rectified by the conversion 
of a proton into a neutron, resulting 
from the ejection of a positron or the 
capture of an orbital electron. Thus, 
the decay of the 20.4-min "C occurs 
by positron emission 


AC — +e + 8B, 


whereas "Hg, obtained in the “Hg 
(n,2n)"Hg process, decays by elec- 
tron capture, 


"Hg + -1e — HAu, 


both final products being stable nu- 
clides. With elements of relatively 
high mass number, the neutron-to- 
proton ratio is normally considerably 
in excess of unity (812.43), and the 
net loss of a neutron in the (n,2n) re- 
action does not necessarily lead to posi- 
tive beta-decay. In fact the emission 
of a negative beta-particle occurs in a 
number of instances, especially where 
the neutron-to-proton ratio of the orig- 
inal target nuclide, “Ge, "Cd, “Ce, 
and *8U, for example, is at the upper 
limit of the stability range for the 
given atomic number. 

11.65. If the energy of the incident 
neutron approaches 30 MeV, it is evi- 
dent that the compound nucleus 
should be able to eject three neutrons 
or even two neutrons and a proton. 
There will probably be sufficient en- 
ergy available to overcome the electro- 
static potential barrier which tends to 
prevent the escape of the proton, in 
the latter case. Thus, several exam- 
ples of (n,3n) and (n,p2n) reactions 
have been reported. When neutrons of 
very high energies, in the region of 
100 MeV, are used as projectiles, nu- 
clei of moderate mass number may 
undergo spallation (§ 10.84), and those 
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of high mass number, notably bismuth 
and lead, suffer fission, probably ac- 
. companied by spallation. 

11.66. Nuclear fission can be in- 
duced in certain nuclides, such as 
uranium-235 and plutonium-239, by 
neutrons of almost any energy, but 
in other cases, fast neutrons are nec- 
essary. These processes, which are 
sometimes represented by the symbol 
(n,f), will be discussed in some detail 
in Chapter 13. 


NUCLEAR Cross SECTIONS FOR 
Neutron REACTIONS 


11.67. The probability (or efficiency) 


of interaction between a given nucleus: 


and an incident neutron is conven- 
iently represented, as stated in $ 10.93, 
by the nuclear cross section. This quan- 
tity may be regarded as the effective 
size of the target presented by the 
particular nucleus to the bombarding 
neutron. A great deal of work has 
been performed in connection with the 
determination of nuclear cross sec- 
tions for neutron reactions, but much 
still remains to be done, for the sub- 
ject has considerable practical and 
theoretical significance. The impor- 
tance of the cross section in relation to 
the development of atomic (nuclear) 
energy may well be summarized in the 
words of A. H. Snell of the Oak Ridge 
National Laboratory. In an essay on 
Contemporary Neutron Physics, pub- 
lished in the journal Science in 1948, 
he said: “. . . a new scale of values of 
structural materials has sprung up; if 
a suggestion is made as to a new sub- 
stance for use as part of a reactor, the 
first question asked is not "What i is the 
tensile strength?’ or ‘What is the 
cost?, but rather "What is the cross 
section?’ " But even before 1939, when 
the release of atomic energy was an 
uncertain possibility that might be 
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realized in the indefinite future, the 
study of nuclear cross sections for new 
tron reactions, referred to briefly as 
neutron cross sections, attracted 
siderable attention. The reason was 
that it was thought, with some justi 
fication, that the information would 
contribute to a better comprehension 


ture. 

11.68. When physicists, around 193 
first reported measurements. of ne 
tron cross sections, the results | ap. 


further experiments were made it 80 on 
became clear that the cross sections 
for fast and slow neutrons were 0 te 
very different. Even this distinction) 
however, was not entirely sufficient; to 
bring order out of the chaos. It is now 
realized that a proper understand ing 
of the subject requires a complet 
study of the cross sections of a givell 


nuclear species for interaction with 
neutrons over a range of energies, from 
the lowest values, which might g0 
down to 0.001 eV, to values as high t 
100 MeV or more. Much work has be en 
performed with “slow neutrons" Ol 


"thermal neutrons," but the 


may sometimes be accompanied by 
very large change in the cross section) 
consequently, it is often necessary | 


the cross section is measured. A & 
eral description of the neutron ene 
such as is implied by the term “thet 
mal neutrons,” is then inadequats 


occur in nature. Since the cross Se 
tions of isotopes of a given eleme? 
often differ considerably, it is desitab™ 
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to obtain data for each individual nu- 
clide. 

11.69. Another factor which must 
be taken into consideration is that a 
given nucleus generally has a different 
cross section for each type of neutron 
reaction in which it can take part. For 
example, there is a cross section for 
elastic scattering, another for inelastic 
scattering, and still others for radia- 
tive capture (n,y), for proton emission 
(n,p), for alpha-particle emission (n,a), 
and so on. With elements of high 
atomic number, such as thorium, ura- 
nium, and plutonium, there are also 
fission cross sections. In due course, 
the separate cross sections for the dif- 
ferent processes to be taken into con- 
sideration will.be determined, but in 
the meantime a rough subdivision can 
be made into scattering and absorption 
cross sections. The former is the sum 
of the cross sections for elastic and 
inelastic scattering, and the latter is 
the total eross section for all proc- 
esses in which a neutron is captured 
and another particle (or particles) 
emitted. The sum of the scattering and 
absorption cross sections is the total 
neutron cross section for the given 
nuclide. 

11.70. The most direct procedure 
for, determining total cross sections is 
to make use of the transmission 
method upon which equation (10.2) is 
based. The experimental arrangement 
is depicted in outline in Fig. 11.3; it 
consists of a neutron source and a de- 
tector, between which can be placed 
a slab A of the experimental material. 
If I, is the rate at which neutrons reach 
the detector in the absence of the ab- 
sorbing material, and J is the value 
when the slab of thickness z, contain- 
ing N atoms per ce, is present, then 
it follows, upon taking the logarithm 


of equation (10.2) and rearranging the ' 


result, that 
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where the factor 2.303 is used to con- 
vert natural to common logarithms, 
Since all the quantities of the right- 
hand member of this equation ean be 
determined, the total cross section c 
may be caleulated. 


(11.6) 


ES EE 
Fig. 11.3. Determination of neutron cross 
sections. 


11.71. If the measurement just de- 
scribed is to give the sum of the scat- 
tering and absorption cross sections, 
it is necessary that the experimental 
arrangement should satisfy the condi- 
tion of what is known as good geometry. 
In this condition, particles which have 
deviated even slightly from their origi- 
nal direction of motion, due to scatter- 
ing, are not detected. The best way of 
achieving good geometry is to use a 
neutron shield, as indicated by S in 
Fig. 11.3, to restrict the neutrons to a 
narrow, parallel (or collimated) beam. 
Only those neutrons which have nei- 
ther been absorbed nor scattered will 
then reach the detector. 

11.72. By deliberately altering the 
arrangement of source, absorber, and 
detector so as to give poor geometry, 
a distinction can be made between 
scattering and absorption. For ex- 
ample, the collimating shield is re- 
moved and the detector is placed at an 
angle of 90? from the incident beam of 
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neutrons; that is to say, the detector 
is in such a position that it can be 
reached only by neutrons which have 
been scattered through an angle of 
90°. Assuming, as is not always the 
case, that the neutrons are scattered 
fairly uniformly over all angles, the 
total scattering cross section can be 
calculated from the number scattered 
at 90°. The difference between the 
total and scattering cross sections 
gives the absorption cross section. If 
a separation into elastic and inelastic 
scattering is required, it may be borne 
in mind that the latter probably does 
not occur with slow neutrons because 
the nuclear excitation energy is about 
0.1 MeV for heavy elements and of the 
order of 1 MeV or more for the lighter 
ones (§ 11.61). 

11.73. Ideally, as indicated earlier, 
it is desirable to determine the cross 
section of each isotopic constituent of 
a given element. If the latter consists 
of two isotopes only, the problem is 
relatively simple; by making cross 
section measurements with two sam- 
ples containing different known pro- 
portions of the two nuclides, the con- 
tribution of each can be evaluated. 
There are possibilities even if three 
isotopes are present, provided a sam- 
ple which has been considerably en- 
riched in one or more can be obtained. 

11.74. Another approach, which is 
applicable to absorption cross sections, 
is based on the work, in the United 
States, of A. J. Dempster, one of the 
Pioneers of the mass spectrometer 
(§ 6.46). Scattering cross sections, es- 
pecially with fast neutrons, do not 
usually vary markedly from one iso- 
tope to another, but the absorption 
cross sections often show striking dif- 
ferences. Hence, it is in the latter 
connection that data for individual 
isotopes are desirable; the following 
procedure may then be employed. The 
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mass spectrogram of the target ma- 
terial is taken before and after ex- 
posure to neutrons; from the change 
in the patterns, the relative amounts of 
the various isotopes which have taken 
part in the neutron reactions can be 
estimated. A method is thus available, 
at least in principle, for apportioning 
the observed absorption cross sections 
among the various constituents. Fur- 
ther reference to this matter will be 
made later ($ 11.103). 

11.75. If a neutron absorption proc- 
ess leads to the formation of a radio- 
active nuclide which ean be distin- 
guished by its activity, it is frequently 
possible to determine the cross section 
for that particular process. This is 
generally referred to as the activation. 
cross section. A. thin foil of the experi- 
mental material is exposed to neutrons 
of known density, and after a certain 
time the activity, i.e., the rate of emis- 
sion of beta particles (or gamma 
rays), is measured by means of a suit- 
able counter. By using the absorbing 
material in the form of a thin foil, 
the target does not remove sufficient 
neutrons to cause any appreciable at- 
tenuation of the neutron beam. The 
absorption cross section is then eal- 
culated from the measured activity of 
the foil in the following manner. 

11.76. Suppose the neutron source 
provides a neutron density of n neu- 
trons per ec moving with a velocity v 
cm per sec; then the product nv, ex- 
pressed in terms of number of neutrons 
per sq em per sec, is called the neutron 
fluz. It is equal to the sum of the dis- 
tances traveled by all the neutrons in 1 
ce in 1 sec and is therefore some- 
times called the track length. Assum- 
ing negligible attenuation, this may 
be regarded as being uniform through- 
out the whole thickness of the target 
foil. If the latter contains N target 
nuclei per cc, and ø sq em is the cross 
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section per nucleus, the quantity Nc 
per em, called the macroscopic cross 
seclion, is the total cross section per 
cc of the absorber. It gives the prob- 
ability that a neutron will undergo the 
particular reaction under consideration 
while traversing 1 em of the foil mate- 
rial. Upon multiplying No, the prob- 
ability of the reaction per centimeter, 
by the track length no, the result nvVo 
gives the number of neutrons (or 
nuclei) interacting per cubic centi- 
meter per second. If V cc is the volume 
of the foil, the total number of nuclei 
reacting per second, which is equal to 
the rate of formation of product nuclei, 
is then 


A =nNVo. (11.7) 


11.77. If the product nucleus of neu- 
tron capture is radioactive, as postu- 
lated above, it will commence to decay 


even while the foil is exposed to 
neutrons. After a moderate time, the 
rate of decay will be equal to the rate 
of formation and an equilibrium con- 
dition will be attained. Since the value 
of A, as given by equation (11.7), is 
equal to the rate of formation of the 
radioactive nuclei, this is also their 
rate of decay (or activity), as derived 
from measurements. Hence, rewriting 
equation (11.7) in the form 


A 
NV. (11.8) 
it is seen that the absorption (or ac- 
tivation) cross section can be calcu- 
lated, provided the product of the 
neutron density and velocity, i.e., the 
neutron flux, is known. This is usually 
determined with one of the counters 
described in § 11.25 et seq. 


MONOENERGETIC NEUTRONS 


NEUTRON VELOCITY SELECTORS 


11.78. In the foregoing paragraphs, 
the general methods for studying nu- 
clear cross sections were outlined; it is 
now necessary to consider the devices 
called velocity selectors, whereby neu- 
trons of definite energy (or velocity) 
may be obtained. As stated in § 11.39, 
even thermal neutrons at a given tem- 
perature have a range of energies, and 
means must be found for selecting 
those with known energies. Two main 
techniques have been developed for 
making measurements with neutrons 
having specific, known energies (or 
velocities). These are the time-of- 
flight velocity selector and the crystal 
spectrometer. 

11.79. The time-of-flight velocity se- 
lector owes its origin to the work of 
L. W. Alvarez ($ 11.9). It requires a, 
neutron source which can be modu- 
lated in such a way that the neutrons 


are produced in short pulses, lasting 
only a few millionths of a second, sepa- 
rated by longer intervals. The measure- 
ment of cross sections is then made by 
the transmission method, described in 
$11.70, with a detector which is also 
modulated to be sensitive only during 
certain periods, corresponding to the 
neutron pulses but delayed by a defi- 
nite interval. The relationship of the 
neutron pulses to the periods of the 
detector sensitivity is represented dia- 
grammatically in Fig. 11.4, the latter 
being always ¢ sec behind the former. 


NEUTRON 
PULSES 


TIME —e- 


Fic. 11.4. Principle of the time-of-flight 
velocity selector. 
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If 1 cm is the distance from source to 
detector, it is apparent that the only 
neutrons which will register are those 
having a speed of l/t em per sec, for 
these are the only ones which can 
reach the detector while it is sensitive.* 
All other neutrons leaving the source 
will arrive during the “dead” period 
of the detector. 

. 11.80. The rates J and Jp at which 
neutrons reach the detector are deter- 
mined with and without the absorber, 
respectively, and from these the total 
cross section for the neutrons with 
velocity l/t cm per sec is calculated by 
means of equation (11.6). The number 
of neutrons reaching the detector dur- 
ing each pulse is very small; hence, in 
order to minimize statistical errors 
(8 7.84), the counting is continued over 
a large number of pulses. By altering 
either the distance | between source 
and detector, or the time interval ¢ 
between the neutron pulse and the 
sensitive period of the detector, or by 
changing both, the velocity of the de- 
tected neutrons can be changed. Con- 
sequently, the cross section measure- 
ment can be made for a number of 
different neutron speeds. Because the 
distance } cannot be too large, nor the 
time ¢ too small, there is an upper limit 
to the speed (and energy) of the neu- 
trons which can be studied by the 
time-of-flight procedure. The practical 
range of measurements by this method 
is from 0.001 eV to about 10 keV.1 

11.81. Neutron pulses of short dura- 
tion, of the type suitable for use with 

a time-of-flight velocity selector, can 
be obtained by means of a particle ac- 
celerator (see Chapter 9). The high- 
energy particles, such as electrons, 
-protons, deuterons, or alpha particles, 
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produced in one or other of these 
devices, are allowed to impinge on a 
suitable target so as to produce the 
requisite neutron beam. The neutrons 
formed in this manner generally have 
high speeds and they must first be 
slowed down to some extent, since the 
time-of-flight procedure can beu sed 
only with neutrons having moderate 
or low speeds. 

11.82. When a nuclear reactor is 
used as the source of neutrons, the 
pulses are obtained by means of a 
mechanical velocity selector, sometimes 
referred to as a “neutron chopper." A 
selector for slow neutrons makes use 
of the fact that cadmium strongly 
absorbs neutrons with energies less 
than about 0.3 eV (§ 11.99), but cer- 
tain other metals, such as aluminum, 
exhibit little absorption in this region. 
A cylinder, made up of alternate 
layers of cadmium and aluminum run- 
ning parallel to the axis, is rotated 
before a strong source of slow neu- 
trons, e.g, a nuclear reactor. This 
device acts as a shutter and only when 
the laminations are parallel to the neu- 
tron direction, as shown in Fig. 11.5, I, 
can the neutrons get through to the 
detector. For the time-of-flight tech- 
nique, the detector must be sensitive 
for a short period at a definite inter- 
val after the neutrons have been trans- 
mitted. The timing is achieved by 
means of a mirror fixed to the rotating 
cylinder, as shown; when this mirror 
is in the correct position, as repre- 
sented in Fig. 11.5, II, light is reflected 
from it on to a photocell which acti- 
vates the detector. The time ¢ sec, 
elapsing between the instant the shut- 
ter permits the neutrons to pass 
through and,that when the detector is 


* The method gets its name from the fact that ¢ is the time of flight, from source to de- 
tector, of the particular neutrons which reach the detector while it is sensitive. 

ĦA 10-keV neutron has a speed of approximately 1.4 X 10° cm per sec, so that it travels 
140 cm in a one-millionth part of a second, i.e., in 1 microsecond. 
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sensitive, is determined by the speed 
of rotation of the cylinder and also by 
the relative positions of light source 
and photocell, all of which can be 
varied. If / cm is the distance from 
the source to the detector, the only 
neutrons which can be detected are 
those with a speed of 1/t em per sec. 
The cross section for these particular 
neutrons can then be obtained, in the 
manner already described, by intro- 
ducing the absorbing material at A, 
shown in Fig. 11.5, I. 
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at regular intervals, only when the slits 
in the rotating cylinder are aligned 
with those in the stationary one. A 
so-called “fast” chopper of this type 
can be used with neutrons having 
energies up to about 5 keV. 

11.84. Modifications of the time-of- 
flight technique for determining cross 
sections have been developed by scien- 
tists at the Los Alamos Scientific Labo- 
ratory using an exploding nuclear 
bomb as the source of neutrons: With 
such an intense source, measurements 
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Fro. 11.5. Mechanical velocity selector for neutrons of low energy. 


11.83. Since cadmium is not a good 
absorber of neutrons having energies 
in excess of about 0.3 eV, the velocity 
selector described above cannot be em- 
ployed for such neutrons. Another type 
of mechanical selector, often referred 
to as a “fast neutron chopper,” is 
therefore used. In one form, two steel 
cylinders, about 16 in. long and 4 in. 
diameter, are mounted horizontally, 
end to end, in front of the neutron 
source. Each cylinder has a number of 
narrow slits on the outside, running 
parallel to the axis. One cylinder is 
rotated at high speed, whereas the 
other is stationary; consequently neu- 
trons can get through, for short pulses 


can be made with a single pulse, in- 
stead of over many pulses required 
from conventional neutron sources. An 
important advantage of this situation 
is that cross sections can be determined 
of radioactive nuclides whose radia- 
tions would interfere with measure- 
ments requiring a significant period of 
time. The exploding bomb is located 
at the bottom of a deep shaft and a 
collimated beam of neutrons emerges 
at the surface where the targets are 
located. The neutrons have a range of 
energies (and velocities) and conse- 
quently their arrival at the surface will 
be spread over a period of time, e.g., 
about 5 milliseconds for neutrons 
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ranging in energy from 10 MeV to 10 
eV traveling a üistanee of 600 feet. 
Hence, the time of arrival at the target 
can be correlated with the neutron 
energy. The cross sections are not ob- 
tained by the absorption method, but 
by determining’ the extent of reaction 
with the target material; this is re- 
lated, as in the activation procedure 
(§ 11.76), to the neutron flux and the 
reaction cross section. 

11.85. In the neutron wheel method, 
the target must be an element which 
becomes radioactive as a result of 
neutron absorption. The target mate- 
rial is spread on the surface of a rotat- 
ing disk at right angles to the beam of 
neutrons from an exploding bomb. As 
the disk rotates, neutrons of decreasing 
energy, arriving at successive times, 
impinge on adjacent areas of the disk: 
When the neutron pulse is over, the 
disk is removed, cut into sections rep- 
resenting various neutron energy re- 
gions, and the activity is measured. 
]f the flux in each energy range is 
known, the reaction cross section can 
be determined. 

11.86. Another, more versatile, pro- 
cedure is based on the use of fast- 
operating counters, which are presently 
available, for detecting either charged 
particles or gamma-ray photons pro- 
duced by interaction of the bomb 
neutrons with the target in very short 
time intervals. A series of targets in 
the form of thin foils are placed one 
above the other in the neutron beam, 
so that several materials are exposed 
simultaneously. With each target is 
associated a suitable detector for the 
particular reaction, and the detector 
is connected to an oscilloscope and 
camera to record the variation in the 
detector output over the period in 
which neutrons reach the target. The 
oscilloscope record is thus a direct in- 
dication of the variation of the nuclear 
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reaction rate with the energy of the 
neutrons. The corresponding change in 
the,neutron flux is obtained by means 
of a target material, e.g., lithium-6, for 
which the cross sections are available. 
With the neutron flux at each energy 
known, the eross sections of the vari- 
ous targets can be determined as a 
function of neutron energy from the 
observed reaction rates. 

11.87. An entirely different approach 
to the problem of selecting neutrons 
of particular energies for cross-section 
measurements utilizes the diffraction 
of neutrons by crystals. As stated in 
$11.12, for neutrons with energies 
above about 0.02 eV, there are certain 
directions in which neutrons reflected 
by a crystal have increased intensi- 
ties. The condition for the diffraction 
maxima may be obtained by combin- 
ing the Bragg equation (2.13), which 
is also applicable to neutron diffrae- 
tion, with the de Broglie equation 
(3.7) for the neutron wave length, 
namely ^ = h/mv; the result is 


nh 
sin @ = Saw (11.9) 
or 
nh (11.10) 


° = 9dm sin 6 


where, as before, m is the mass of the 
neutron, v its velocity, d is the dis- 
tance between successive reflecting 
planes of the crystal, h is the Planck 
constant, and n is an integer. Since m 
and h are constants, it follows that, 
for neutron diffraction by a given 
crystal, for which d is constant, the 
glancing angles @ for maximum reflec- 
tion are directly related to v, the neu- 
tron velocities. 

11.88. The result just derived forms 
the basis of the crystal spectrometer 
velocity selector. Slow neutrons from 
an intense source, e.g., a nuclear fission 


reactor, are allowd to impinge on a 
crystal, and a detector is placed so that 
the diffracted beam falls upon it, as 
shown in Fig. 11.6. Neutrons of various 
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Fie. 11.6. Crystal spectrometer velocity 
selector. 


speeds are present in the beam, but for 
any arbitrarily chosen value 0 of the 
glancing angle, the great majority of 
the neutrons reaching the detector will 
have a velocity given by equation 
(11.10). The crystal spacing d is 
known, and the only uncertain factor 
in this equation is the integer n; how- 
ever, except for large glancing angles, 
this is almost invariably unity, and so 
the velocity of the neutrons reflected 
at the angle 0 can be calculated. De- 
termination of the neutrons reaching 
the detector, with and without the 
slab A of absorber, permits the nuclear 
cross section of the latter, for the 
neutrons of this particular velocity for 
the chosen value of 0, to be derived 
in the usual manner. 

11.89. If the glancing angle 6 is 
changed, neutrons with a different ve- 
locity will now reach the detector; 
there will thus be a range (or spec- 
trum) of neutron velocities corre- 
sponding to variations in the angle be- 
tween the neutron beam and the re- 
flecting surface of the crystal. For this 
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reason the instrument is sometimes 
referred to as a neutron spectrometer. 
By making transmission measure- 
ments, as described above, with dif- 
ferent settings of the angle of the spec- 
trometer, it is consequently possible 
to determine the absorption cross sec- 
tions for a range of neutron energies. 
Because the glancing angle diminishes 
with increasing neutron velocity, the 
angle ultimately becomes too small 
to be measured with any degree of 
accuracy. This sets an upper limit to 
the speed, and energy, of the neutrons 
which can be studied in the crystal 
spectrometer. The practical range of 
usefulness is found to be from about 
0.01 to 100 eV. 


Sources or MONOENERGETIC 
NEUTRONS 


11.90. Conventional neutron veloc- 
ity selectors can be utilized for cross 
section determinations in the energy 
range from about 0.001 eV to 10 keV. 
It happens that this is a particularly 
interesting, region, but it is neverthe- 
less desirable to obtain cross sections 
at higher energies. With a nuclear 
bomb as the source of neutrons, the 
energy range can be extended sig- 
nificantly, but there is no laboratory 
device for selecting neutrons of high 
energy. Monoenergetic beams of neu- 
trons of various energies are of interest 
for cross section and other measure- 
ments, and such beams have been ob- 
tained from some of the sources de- 
scribed in § 11.14 et seg. The photo- 
neutron sources, in which gamma rays 
from artificial radioisotopes produce 
neutrons from deuterium or beryllium, 
are particularly useful for this purpose. 
For example, the decay of the 15.0-hr 
"Na isotope of sodium is accom- 
panied by the emission of 2.75-MeV 
gamma rays; if these undergo the 
(ym) reaction with beryllium, for 
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which the threshold energy is 1.66 
MeV, the energy of the resulting neu- 
trons is about eight ninths of 2.75 — 
1.66, i.e., 0.97 MeV, the remaining 0.12 
MeV being recoil energy. Monoener- 
getic neutron beams, covering a range 
of energies from about 0.03 to 1 MeV, 
have been obtained from various 
photoneutron sources. 

11.91. Another source of monoener- 
getic neutrons is the "Li(p,n)'Be re- 
action, the energy of the incident pro- 
tons being carefully controlled. As 
stated in Chapter 9, the two-stage 
tandem Van de Graaff accelerator can 
yield protons with definite energies up 
to about 20 MeV, and these may be 
used to bombard lithium targets. With 
protons of energy which exceeds the 
threshold value of 1.88 MeV (§ 11.18) 
by the least practical amount, it is 
possible to obtain neutrons of about 
0.05 MeV energy. By steadily increas- 
ing the energy of the incident protons, 
monoenergetic neutrons with energies 
up to several million electron volts 
can be produced. 

11.92. Two sources of approximately 
monoenergetic neutrons of high en- 
ergies are the reactions *Be(d,n)"B 
and "Li(d,n)*Be, for which the thresh- 
old energies are about 4 and 15 MeV, 
respectively. Another procedure for 
obtaining monoenergetic neutrons of 
fairly high energy makes use of the 
(dn) reaction between accelerated deu- 
terons and tritium absorbed on (or 
combined with) a zirconium or tita- 
nium foil target, ie. "*T(d,n)'He 
(8$ 11.17). The reaction energy in this 
case is 17.6 MeV, to which must be 
added the energy of the deuteron; four 
fifths of the total energy released is 
acquired by the neutron, so that its 
minimum energy is 14.1 MeV. By the 
use of accelerated deuterons of fairly 
uniform energy, high-energy neutron 
beams, up to 20 MeV or more, can be 
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made available for cross-section meas- 
urements. 

11.93. At the other extreme, there is 
the problem of obtaining neutrons of 
very low energies. In this connection, 
an interesting procedure, which makes 
use of the diffraction of neutrons by 
crystals, has been devised. Consider 
a block of material, such as graphite, 
consisting of a very large number of 
randomly oriented, small crystals. A 
beam of thermal neutrons is allowed to 
enter the graphite, and since the many 
crystals are arranged at a great variety 
of angles, neutrons of a considerable 
range of velocities, as determined by 
equation (11.10), will suffer diffraction. 
These neutrons will be reflected from 
one crystal to another, so that very 
few will escape from the block of 
graphite. There is a velocity limit, 
however, below which neutrons will not 
undergo diffraction in the given ma- 
terial; this limit occurs when the glanc- 
ing angle 0 necessary to produce dif- 
fraction is 90°, and sin @ is unity. Upon 
inserting this value for sin 6 in equation 
(11.10) and taking the integer n to be 
unity, the corresponding velocity is 
found to be h/2dm, where d is the 
maximum spacing of the reflecting 
planes in the graphite crystals, namely, 
3.4 X 10 em. 

11.94. Neutrons with smaller veloci- 
ties could be diffracted only if the 
glancing angle were greater than 90°, 
which is impossible. Consequently, 
thermal neutrons with velocities ex- 
ceeding this limiting value will be dif- 
fracted and scattered by the material, 
but those with smaller velocities will 
pass right through. The graphite thus 
acts as a velocity (or energy) filter, 
which retains nearly all thermal neu- 
trons with velocities greater than h/6.8 
X 10-5m em per sec. The correspond- 
ing kinetic energy minimum (14m?) 


ean be readily calculated, and this is . 
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found to be 0.0018 eV. Thus, by pass- 
ing a heterogeneous beam of thermal 
neutrons through a long block of 
graphite ($15.50), only very "cold" 
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neutrons, with energies less than 
0.0018 eV, will emerge, corresponding 
to temperatures below about 20? Kel- 
vin or —253*C. 


RESONANCE CAPTURE GF NEUTRONS 


Rzsuvrs or Cnoss-SECTION 
MEASUREMENTS 


11.95. As stated earlier, it would be 
desirable to determine the neutron 
eross sections of each individual nu- 
clide for every possible type of nuclear 
interaction, including scattering, over 
a large range of neutron energies. The 
completion of such a program will ob- 
viously require a tremendous amount 
of work, and the investigations so far, 
extensive as they have been, can be 
regarded only as a beginning. From 
the work already done, however, cer- 
tain generalizations of a broad charac- 
ter have appeared and these will be 
considered here. 

11.96. The results of major interest 
have been obtained in connection with 
the variation of nuclear reaction cross 
sections with the energy of the incident 
neutron. But before these are de- 
scribed, brief reference will be made to 
scattering cross sections. With the ex- 
ception of hydrogen, for which the 
value is fairly large, the elastic scatter- 
ing cross sections are generally small, 
e.g., 5 to 10 barns (§ 10.104). This is of 
the order of magnitude of the actual 
(or geometrical) cross-sectional area to 
be expected for atomic nuclei. At high 
neutron energies, the elastic scattering 
cross section may decrease somewhat, 
the limiting value approaching the 
geometrical area 7R?, where R is the 
nuclear radius. For the present pur- 
pose, the radius may be related to 
the mass number A by the expression 
R = 1.25 X 107941? em ($ 12.71); the 
nuclear scattering cross section is thus 


approximately 0.06 X 10-*A?* sq em 
(or 0.064? barn) for neutrons of very 
high energy. 

11.97. For inelastic scattering to 
occur, the neutron energy must exceed 
a certain amount, dependent upon the 
nature of the nucleus (§ 11.61). If the 
energy is less than this threshold value, 
the cross section is zero; even for 
higher energies it is small, rarely ex- 
ceeding a few barns. As a rough guide, 
it may be assumed that, at high neu- 
tron energies, above 10 MeV, the in- 
elastic scattering cross section is equal 
to the geometrical cross section of the 
nucleus, i.e., mR?. 

11.98. In considering nuclear ab- 
sorption (or reaction) cross sections, 
i.e., for reactions in which the neutron 
is captured by the target nucleus and 
another particle (or a gamma ray) is 
emitted, the variation with neutron 
energy is often quite complicated. For 
the great majority of the lighter ele- 
ments, ie., in the mass number range 
up to about 100, with the exception of 
helium-3, lithium-6, and boron-10, to 
which reference will be made shortly, 
the absorption eross sections are small, 
ranging from a fraction of a barn (see 
table in $11.40) to a few barns for 
slow (or thermal) neutrons. These 
cross sections do not vary greatly with 
energy, although there is generally a 
decrease at high energies. 

11.99. For many elements with mass 
numbers exceeding 100, the absorption 
cross sections are small and exhibit the 
same characteristics as those just 
described for the lighter elements. 
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‘But, for a considerable number of 
nuclides of moderately high (or high) 
mass numbers, a very different type 
of behavior has been observed. An 
examination of the variation of the 
absorption cross section with the en- 
ergy (or speed) of the incident neutron, 
particularly for radiative capture (n,y) 
reactions, reveals the existence of three 
regions (Fig. 11.7). There is first a low- 
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Fig. 11.7. Curve of neutron cross sections 
showing 1/v, resonance, and fast-neutron 


regions. 


energy region, which includes the 
thermal range and often extends be- 
yond, where the cross section decreases 
' steadily with increasing neutron en- 
ergy. In this region, the absorption 
cross section, which is often high, is 
inversely proportional to the velocity. 
The energy range in which this occurs 
is frequently spoken of as the “1/v 
region," because the absorption cross 
section is proportional to 1/2, i.e., to 
the reciprocal of the neutron velocity. 
It may be significant that 1/v is a 
measure of the time spent by the 
neutron within a given distance, such 
as, for example, the diameter of the 
nucleus. It would appear, therefore, 
that in the 1/v" region the proba- 
bility of interaction between the neu- 
tron and the nucleus, as measured by 
the cross section, is proportional to the 
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time the former spends in the vicinity 
of the latter. 

11.100. Following the more or less 
definite 1/v region, there occurs the 
“resonance region,” in which the cross 
sections rise sharply to high values, 
called resonance peaks, for neutrons of 
certain energies, and then fall again 
(810.110). Some elements, notably 
cadmium and rhodium, have only one 
peak, whereas others, such as indium, 
silver, iridium, gold, and uranium have 
two, threé, or more peaks. These re- 
gions of exceptionally high absorption 
usually oceur with neutrons of energy 
between 0.1 and 100 eV, although the 
range may extend up to 1000 eV in 
some cases. Uranium-238, for example, 
exhibits eight sharp resonance peaks, 
and several smaller ones, in the neutron 
energy region from 6.5 to about 200 
eV. The peak at 6.5 eV corresponds to 
an absorption cross section of about 
70,000 barns. A few other examples of 
sharp résonance peaks for slow neu- 
trons, with cross sections of thousands 
of barns, are the following: cadmium 
(0.176 eV), rhodium (1.3 eV), silver 
(5.2 eV), indium (1.5 eV), samarium 
(0.1 eV), europium (0.45 eV), iridium 
(0.65, 1.25, 5.5 eV), and gold (4.8 eV). 
In several-of these instances there are, 
in addition, lower resonance peaks at 
slightly higher neutron energies. 

11.101. With neutrons of high en- 
ergy, in the MeV range, the cross sec- 
tions are low, being less than 10 barns, 
compared with possibly hundreds or 
thousands for the resonance peaks 
mentioned above. There is usually a 
gradual decrease. with increasing en- 
ergy, although with some nuclides 
broad but low maxima are observed 
(8 11.115). At moderate energies, the 
general type of behavior may be illus- 
trated with reference to the neutron 
cross sections of cadmium, since this is 
a simple case of practical importance. 
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The variation of total cross section 
with neutron energy is shown in Fig. 
11.8; the results are plotted on loga- 
rithmic scales so as to make it possible 
to include the large ranges of both 
cross sections and energies. An ap- 
proximate 1/v region extends up to 
about 0.03 eV where the total cross 
section is about 2500 barns. This is 
followed by a resonance peak, the 
cross section reaching a maximum of 
7800 barns at 0.176 eV. The cross 


10000 


100 


TOTAL CROSS SECTION (BARNS) 


0001 oo. os 


10 


425 


energy. It is evident that a slight 
change in the energy (or velocity) of 
the neutrons has a considerable in- 
fluence on the results obtained in this 
region. 

11.103. The study of cadmium has 
proved of interest because it has been 
established that the exceptionally high 
cross section is mainly due to the Cd 
isotope; the peak value for this nuclide, 
which is present to the extent of 12.3 
percent in normal cadmium, has been 
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Fig. 11.8. Neutron capture cross sections of normal cadmium showing resonance peak 
at 0.176 eV. 


section then drops sharply, with in- 
creasing neutron energy, falling to 5 
barns at 5 eV; it remains approxi- 
mately constant, with a few minor 
resonance peaks, right up to 10 MeV. 
11.102. Incidentally, an examina- 
tion of Fig. 11.8 shows very clearly 
the necessity for the use of precisely 
` controlled monoenergetic neutrons in 
cross-section studies, particularly in 
the region of low energies. For 0.1-eV 
and 0.25-eV neutrons, the total cross 
sections of cadmium are 3500 and 2500 
barns, respectively, compared with 
7800 barns for neutrons of 0.176 eV 


estimated at about 20,000 barns. Strik- 
ing proof that u3Cd absorbs neutrons 
very strongly was obtained by A. J. 
Dempster, by the method referred to 
in $11.74. Normal cadmium was ex- 
posed to slow neutrons, and after some 
time specimens of the metal from the 
surface, where the interaction with 
neutrons had occurred, and from the 
interior, which had been protected 
from reaction, were subjected to mass- 
spectrographic examination, with the 
result shown in Fig. 11.9. It is seen, in 
the lower section, that the isotope of 
mass number 113 has essentially dis- 
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appeared from the surface while the 
proportion of the 114-isotope has in- 
creased. It is apparent, therefore, that 
the interaction of slow neutrons with 
cadmium consists largely of an (n,y) 
reaction with “Cd, in which the latter 
is converted into ™Cd. 


T0 11 112 113 114 ur 


y E = i Eus R 
Fig. 11.9. Identification of cadmium-113 


as the strong neutron absorber. (A. J. 
Dempster, Phys. Rev., 71, 829 (1947)) 


Tur Breit-Wiener THEORY 


11.104. The theory of the absorption 
of neutrons at, and in the vicinity of, 
the resonance peaks was worked out 
by G. Breit and E. P. Wigner in the 
United States in 1936, and the result- 
ing’ Breit-Wigner formula, as it is 
called, has formed the basis of the in- 
terpretation of neutron cross sections. 
The fundamental principle involved 
is similar to that described in § 10.110; 
if the energy of the neutrons is such 
that a compound nucleus can be 
formed at or near one of its energy 
levels, then the probability of capture 
of these neutrons will be exceptionally 
high. The treatment which Breit and 
Wigner found most successful was 
similar to that which had previously 
been employed in connection with the 
dispersion of light, and so it is some- 
times referred to as dispersion theory. 

11.105. The actual formula obtained 
from dispersion theory is too compli- 
cated to be given here, but some of the 
general conclusions can be indicated. 


* The width of a resonance peak is described b; 
half maximum," ie. the energy width at half 
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In the first place, the Breit-Wigner 
formula leads to the conclusion that, 
at low neutron energies, the absorption 
eross sections should be inversely pro- 
portional to the neutron speed, as is 
actually observed in the 1/v region. 
Furthermore, in the resonance region, 
the height of a resonance peak, for a 
given nucleus, is expected to vary ap- 
proximately inversely as the square 
root of the neutron energy at which the 
peak occurs. This is in agreement with 
the observation that resonance peaks 
with large cross sections are found only 
in regions of low neutron energy. Such 
maxima as are observed for high- 
energy neutrons represent cross sec- 
tions of a few barns compared with 
thousands for slow neutrons. 

11.106. Another factor which, ac- 
cording to the Breit-Wigner theory, 
affects the cross section, is a quantity 
approximately equivalent to the width 
of the resonance peak.* In a general 
way, if the peak is broad, covering a 
large energy range, the cross sections 
are likely to be somewhat decreased, 
as compared with the case of a sharp ` 
and narrow peak. The energy width of 
the resonance peak is inversely related 
to the life of the excited state of the 
compound nucleus, in aecordance with 
the uncertainty principle (88.122). 
Consequently, an excited state of short 
life, for example, will mean a broad 
resonance peak, and hence a somewhat 
lower cross section for that particular 
energy value. 

11.107. It is of interest in this con- 
nection to consider the yariation with 
the neutron energy of the cross sections 
of boron-10 for the (n,a) reaction. The 
results are depicted in Fig. 11.10 which 
is also logarithmic in both directions. 
Similar behavior is exhibited by the 
(n,a) reaction with Li and the (n,p) 


the quantity called the “full width at 
e cross-section maximum (cf. § 20.108). 


. reactions in which a charged partiele, 
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11.11. Near the ground state the sepa- 
ration of successive levels, for an ele- 
ment of moderately high mass num- 
ber, is usually about; 0.1 MeV. A neu- 


reaction with *He. It is seen that, al- 
though the absorption cross sections 
are relatively large for neutrons of low 
energy, there is no resonance peak. In 
fact, the straight line in Fig. 11.10 
shows that the 1/v law, which normally 
breaks down in the resonance region, 
is obeyed by boron over the consider- 
able energy range from 0.01 eV to 10 
keV, at least. 


— "0e 
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Fra. 11.10. Cross sections for neutron ab- 
sorption by boron-10. 


energy does not exhibit inelastic scat- ' 
tering, as mentioned in § 11.61, since 
it is incapable of raising the nucleus 
from its lowest (ground) state to an 
accessible excited state. As the excita- 
tion energy of the nucleus is increased, 
the separation of the energy levels de- 
creases, and in the region of about 8 
MeV the successive levels are about 
10 eV apart. For still higher energies, 
the levels become so close that they 
are practically continuous. 

11.110. When a neutron of low, es- 
sentially zero, energy enters a nucleus 
of moderate mass number, the energy 
of the compound nucleus formed is 
about 8 MeV above the ground state 
value, due to the binding of the addi- 
tional neutron. The energy levels in the 
resulting compound nucleus are now 
usually about 10 eV apart, and hence 
a small additional (kinetic) energy of 
the incident neutron may provide the 
condition for resonance capture. When 
several resonance peaks of neutron 
cross sections are observed, these are 
separated by energies of about 10 eV 


11.108. It will be noted that the 
cases under consideration represent 


either an alpha particle or a proton, is 
emitted. Such a process involves & 
strong interaction (§ 20.23) and will 
consequently take place very rapidly. 
In other words, the excited energy 
state has a short life; hence the reso- 
nance “peak” will be broad. In the 
present instances, it is s0 broad as not 
to be apparent as a peak. The Breit- 
Wigner theory shows that, in these 
circumstances, the cross section should 
be inversely proportional to the neu- 
tron speed (1/v law), as is actually the 
case. 

11.109. The fact that resonance ab- 
sorption takes place with slow neu- 
trons, with energy usually less than 
100 eV, finds an interpretation along 
the following lines. The energy level 
separations of a nucleus are approxi- 
mately of the order shown in Fig. 
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or so, as is to be expected. Finally, if 
the neutron has 1 MeV or more of 
kinetic energy, the nuclear energy 
levels are now so close that no specific 
peaks can be observed. In a sense, the 
absorption of all high-energy neutrons 
is by resonance, although the cross 
sections are then very small, in accord- 
ance with the requirements of the 
Breit-Wigner formula. 


Cross SECTIONS AND 
NUCLEAR Dimensions 


11.111. It has been stated that 
many neutron reaction and scattering 
cross sections are not very different 
from the geometrical cross sections of 
the nuclei, namely, from 2 to 5 barns. 
If this is the case, then an obvious 
question may be asked: How is it 
possible to account for the observed 
cross sections of several thousand 
barns? A cross section of 10,000 barns, 
for example, would mean a nuclear 
radius close to 10- cm, instead of 
the accepted value of approximately 
10-? cm. The explanation of these 
results can be found in the wave- 
particle duality of matter or in the 
uncertainty principle, both of which 
are aspects of the same fundamental 
law of nature (8 3.45 et seq.). 

11.112. According to equation 
(11.5), the wave length of a 20-MeV 
neutron is about 0.6 10-2 em, which 

_ is of the same order of magnitude as 
nuclear radii. Interaction between the 
neutron and a nucleus can then be re- 
garded from the standpoint of classical 
mechanics, and the Scattering cross 
section is virtually identical with the 
geometrical nuclear cross section. But 
with very slow neutrons the conditions 
become quite different. The wave 
length associated with a 1-eV neutron 
is 2.87 X 10-? cm, and such a neutron 
can no longer be treated as a point 
particle colliding with a nucleus, but 
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rather as a wave which can engulf 
many nuclei. The measured cross sec- 
tion in these circumstances is not 
strictly that of the nucleus; it is more 
reasonable to consider it as the area 
surrounding a nucleus, within which a 
neutron is likely to be capable of inter- 
acting with it. 

11.113. The situation may be con- 
sidered, alternatively, from the stand- 
point of the uncertainty principle. Ac- 
cording to this principle, if the speed 
of a particle can be estimated with 
Some exactness, its position will be 
known less definitely. The smaller the 
speed of a neutron, the more precisely 
can it be known, and consequently the 
greater is the uncertainty in its posi- 
tion. Hence, instead of being located 
at a definite point, the neutron may 
be regarded as having a large effective 
area. 

11.114. It is of interest to mention 
that scattering cross sections deter- ' 
mined with approximately 100-MeV 
neutrons, obtained by the stripping 
of 200-MeV deuterons, are appreciably 
smaller than those for 20-MeV neu- 
trons, especially for the lighter nuclei. 
For 270 to 280-MeV neutrons, pro- 
duced by 350-MeV protons on beryl- 
lium, the cross sections are smaller 
still. At these high energies, the neu- 
tron wave length is 0.2 to 0.3 X 10-1 
em, which means that the neutron 
behaves as such an extremely small 
particle that there is a distinct prob- 
ability it will pass right through an 
atomic nucleus, without being affected. 
The nuclear eross section thus appears 
to be smaller than would be the case 
for ordinary scattering. The striking 
variation in nuclear cross sections for 
interaction with neutrons serves to 
emphasize the point that classical 
ideas of size do not have real signifi- 
cance when applied to the lightest 
particles of matters. 


The Neutron 


OPTICAL MODEL or THE NUCLEUS 
AND NEUTRON Cross SECTIONS 


11.115. The compound nucleus 
model and its development by Breit 
and Wigner have proved very useful in 
the understanding of nuclear reactions 
involving incident particles of low and 
medium energy, especially in the reso- 
nance region. It is known, however, 
that at higher energies the model must 
be modified. If the total eross sections 
for neutron interactions, including the 
contributions of both scattering and 
absorption, are averaged over individ- 
ual fluctuations and minor resonances, 
certain variations are observed. Ac- 
cording to the compound nucleus 
theory, these cross sections, for a given 
element, should decrease steadily with 
increasing neutron energy. In some in- 
stances, this is certainly true, but in 
others it is not. For example, for ele- 
ments having mass numbers in the 
general vicinity of 40 and 140 (or so), 
the total cross sections exhibit broad 
(but low) maxima for neutron energies 
in the region above 1 or 2 MeV. These 
maxima are called giant (or broad) 
resonances. The cross sections are very 
much smaller than in the low-energy 
resonance range, but the values are 
definitely larger than they are for 
neutron energies on either side of the 
giant resonance. 

11.116. A reasonably satisfactory 
semiquantitative interpretation of the 
giant resonances and their variation 
with mass number of the target nuclide 
and the energy of the neutron has been 
provided by the optical model of the 
nucleus, as it is called. The concept 
was utilized by S. Fernbach, R. Serber, 
and T. B. Taylor in 1949 in connection 
with the study of neutron scattering 
at energies of about 100 MeV, but the 
application of present interest, for 
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neutrons of lower energies, stems from 
the work of H. Feshbach, C. E. Porter, 
and V. Weisskopf in the United States 
in 1954. In the optical model, the in- 
cident particle, or rather its equivalent 
wave, is regarded as interacting with a 
single “potential” or force system due 
to all the nucleons in the target nu- 
cleus. This is in agreement with the 
independent particle model described 
in the next chapter (8 12.111 et seq.). 
The potential consists of two parts, one 
real and the other complex,* by anal- 
ogy with the refractive index of a 
medium in ordinary optics. The real 
part of the potential is responsible for 
the elastic scattering, i.e., the refrac- 
tion or reflection, of the incident neu- 
tron, whereas the imaginary part ac- 
counts for the absorption. The situa- 
tion may be compared with a “crystal 
ball”; if the ball were black, it would 
absorb all the light falling on it, but 
if it were completely transparent, it 
would transmit (or reflect) the light 
but absorb none of it. A nucleus is 
somewhere between these two ex- 
tremes. This‘ has led to the use of the 
term cloudy crystal ball to refer to the 
optical model of the nucleus. 

11.117. By assigning empirical val- 
ues to the real and complex parts of 
the potential, and allowing for some 
variations with the size (or mass) of 
the target nucleus and the neutron 
energy, it has been possible to repro- 
duce the general features, including 
the giant resonances, of the variation 
of the total neutron cross section with 
energy over the whole range of mass 
numbers. A qualitative interpretation 
of the results is based on the relation- 
ship between the neutron wave length, 
which varies with its energy, and the 
diameter of the nucleus, which depends 
on its mass. If the diameter is such 


* A complex number is one involving the square root of —1. 
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that the neutron wave within the nu- 
cleus is in phase (§ 3.10) with the in- 
coming wave, so that they enhance 
each other, the neutron will dissipate 
all its energy in the nucleus. In these 
circumstances, the total cross section 
will be large. On the other hand, when 
the two waves are out of phase, inter- 
ference will occur; there is then a high 
probability that the neutron will 
emerge from the target nucleus and the 
eross section will be small. 

11.118. Suppose that at a certain 
mass number the total neutron cross 
section has a low value for neutrons of 
a particular energy interacting with a 
given target material. Then, according 
to the theory, the incoming neutron 
wave is largely out of phase with the 
neutron wave in the target nucleus. 
As the energy of the neutron is changed 
80 also is its wave length (§ 11.11), and 
the phase difference with the neutron 
wave in the nucleus changes accord- 
ingly. In due course, a neutron energy 
(or wave length) is attained at which 
the neutron waves are in phase and the 
total cross section exhibits a maximum 
value. Subsequently, the waves be- 
come out of phase again and the cross 
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section decreases. The occurrence of 
the broad resonances can be accounted 
for in this manner. Furthermore, the 
wave length of the neutron within the 
nucleus will depend on the diameter 
(or radius) of the latter, and this is 
directly related to the mass number of 
the target (§ 12.71). Consequently, the 
neutron energy at which maxima occur 
in the cross sections will vary with the 
mass number. The detailed calcula- 
tions based on the optical model have 
given good agreement with the ob- 
servations with respect to variations 
in the total cross sections with both 
the neutron energy and the target 
mass number. 

11.119. In addition to accounting 
for the characteristics of the total cross 
section, the optical model of the nu- 
cleus has been used to account for the 
angular dependence of the elastic scat- 
tering of neutrons, i.e., the numbers 
of neutrons scattered in different direc- 
tions with respect to the incident 
direction. The model has also been 
applied to various reactions with 
charged particles, but it is in connec- 
tion with neutron cross sections that 
it has achieved its greatest success. 
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Chapter 12 


NUCLEAR FORCES 


Tue Packina FRACTION 


12.1. One of the main objectives of 
the study of atomic nuclei is to under- 
stand the basie nature of the forces 
that bind nucleons together. Because 
of the great complexity of these forces, 
progress in this area has been disap- 
pointingly slow, although much ex- 
perimental work has been (and is be- 


Atomie Mass — Mass Number 


by the mass spectrometer and by other 
methods (§ 10.31), are close to whole 
numbers, they almost invariably differ 
from integers by small amounts. When 
F. W. Aston (§ 8.36 et seq.), in 1927, 
showed this to be the case, he ex- 
pressed the deviations in the form of a 
packing fraction for each nuclide, de- 
fined by 


Packing Fraction = 


ing) done. The essential concept, which 
is now commonly accepted, was first 
enunciated in the mid-1930s, but in 
‘spite of the lapse of more than 30 
years, a complete solution to the prob- 
lem is not yet in sight. Nevertheless, a 
number of characteristics of nuclear 
forces and of nuclear structure have 
been established and they will be re- 
viewed in this chapter. Attempts will 
be made to indicate, as far as possible, 
their general implications. 

_ 12,2. It was recorded in § 6.61 that 
although atomic masses, as determined 


Mass Number 


X 10,000, (12.1) 


where the atomic mass is the actual 
mass of the nuclide on the atomic mass 
scale (§ 6.63), and the mass number is 
the nearest integer. The difference be- 
tween the atomic mass and the mass 
number is frequently called the mass 
defect, although it is not a satisfactory 
name, as will be seen below. This 
difference divided by the mass num- 
ber gives the first term on the right 
side of equation (12.1), and some writ- 
ers refer to this quantity as the packing 
fraction. Since it is so small, however, 
Aston multiplied the result by 10,000, 
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so as to obtain figures which were 
easier to record.* 

12.3. When plotted against the cor- 
responding mass numbers, the packing 
fractions of nearly all the stable nu- 
clides studied, with the exception of 
4He, £C and 160, fall on or near to a 
curve, as seen in Fig. 12.1. There are 
certain deviations from this curve, but 
they are of a relatively minor char- 
acter which may be ignored for the 
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have a precise theoretical significance; 
nevertheless, they do give an indication 
of a fundamental nuclear property. A 
negative packing fraction means that 
the atomic mass is less than the near- 
est whole number, and this suggests 
there has been a conversion of mass 
into energy in the formation of the par- 
ticular nucleus. Since this same amount 
of energy would have to be supplied 
in order to break up the nucleus, it 


200 225 250 


MASS NUMBER 
Fic. 12.1. F. W. Aston’s packing fraction curve for stable nuclides. 


present. It is seen that the packing 
fraction is high for elements of low 
mass number, apart from the helium, 
carbon, and oxygen isotopes mentioned 
above, but it decreases rapidly with 
increasing mass number. Then, after 
passing through a comparatively flat 
minimum, the packing fraction com- 
mences to increase slowly but steadily. 

12.4. It will be shown in the next 
section that packing fractions do not 


appears that a negative packing frac- 
tion implies exceptional nuclear stabil- 
ity. On the other hand, a positive 
packing fraction suggests that the nu- 
cleus is somewhat less stable. With 
these conclusions in mind, an examina- 
tion of Fig. 12.1, in a qualitative rather 
than a quantitative sense, indicates 
that the nuclides ‘He, £C, and "O are 
very stable, as compared with other 
species in the same mass number re- 


*In 1915, when the subject of isotopes was in the early stages of develop W. D. 


Harkins and E. D. Wilson, in 
“packing effect, 


the United States, defined a quantity, which t 
” representing the percentage deviation of atomie weights from whole num- 


ey called the 


bers, pa: icularly applicable to cases where it appeared that the element occurred as a single 
species. 
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gion. In the intermediate range of mass | are Z extranuclear (or orbital) elec- 


numbers, the packing fractions are neg- 
ative, showing that the nuclei are 
stable. But the steady increase, lead- 
ing to positive fractions for elements 
of high mass number, is in harmony 
with the observed instability of such 
elements, as is manifested by their 
radioactivity. 


DETERMINATION OF 
BiNpiNG ENERGIES 


12.5. With the discovery of the neu- 


True mass defect = Zma + (A — Z)m, — M. 


tron and the development of the theory 
that nuclei consist of neutrons and 
protons, it has become clear that the 
packing fraction, as defined by equa- 
tion (12.1), is merely a way of stating 
certain experimental facts, namely, the 
deviations of atomic masses from in- 
tegral values. As a result, the relation- 
ship between the packing fraction and 
nuclear stability, outlined above, can 
be regarded as being mainly of his- 
torical interest. A more exact treat- 
ment is to consider the difference be- 
tween the atomic mass and the total 
mass of the individual electrons, pro- 


Binding energy in MeV = 931.4[Zmg + (A — Z)m, — M], 


tons, and neutrons which make up the 
atom; it is this quantity which is the 
true mass defect. 

12.6. If, as in previous chapters, the 
atomic number of an element is rep- 
resented by Z and its mass number 
by A, then the nucleus, according to 
accepted views, consists of Z protons 
and A — Z neutrons. In addition there 


binding energy of the alpha particle. 
the termini UE 


leu 
. ($115). 


trons, to balance the charge of the 
Z protons. The constituents of the 
atom are consequently Z protons and 
Z electrons, which are equivalent in 
mass to Z hydrogen atoms,* and A — Z 
neutrons, and the total mass is Zmy + 
(A — Z)mn, where mu and m, repre- 
sent the masses of the hydrogen atom 
and of the neutron, respectively. If 
the experimentally determined atomic 
mass is M, then the true mass defect 
is defined by 


(12.2) 


This quantity may be regarded as the 
loss of mass or, more correctly, the 
mass which would be converted into 
energy, if a particular atom were to be 
assembled from the requisite numbers 
of electrons, protons, and neutrons. 
The same amount of energy would be 
required to break up the atom into 
its constituent particles, and hence the 
energy equivalent of the true mass de- 
fect is taken as a measure of the bind- 
ing energy. Thus, if mg, mn, and M 
are expressed, as usual, in atomic mass 
units (amu), the binding energy in 
MeV is given by 


(12.3) 


according to equation (3.17). The bind- 
ing energy of the electrons to the nu- 
cleus may be neglected or it may be 
regarded as included in the Zmg term; 
hence equation (12.3) is a measure of 
the binding energy of the constituent 
particles in the nucleus of the given 
atom.t 

12.7. The nature of the results ob- 


e reverse procedure, utilizing the binding energy of 
teron de! experimentally, is employed to deve Us tame ot the d. 
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tained may be illustrated by reference 
to two specific examples. The masses 
of the hydrogen atom and of the neu- 
tron are 1.007825 and 1.008665, respec- 
tively, on the atomic mass scale, and 
hence for the 19Ne isotope of neon, 
whose atomic mass is 19.992440, and 
for which A is 20 and Z is 10, the 
binding energy is 
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hence the quantities just determined 
represent the binding energy per mu- 
cleon in each case. These are seen to 
be approximately equal, in spite of the 
fact that the two nuclides lie almost 
at the extremes of the mass number 
(or atomic mass) scale. 

12.8. An examination of the values 
for the binding energy per nucleon in 


931.4[(10 X 1.007825) + (10 X 1.008665) — 19.992440] — 160.6 MeV. 


For bismuth, with atomic number 83 
and mass number 209, the atomic mass 
is 208.9804, and hence the binding en- 
ergy is 


the stable nuclides, for which the nec- 
essary data are available, has revealed 
astriking regularity shown in Fig. 12.2, 
where the results are plotted against 


931.4[(83 X 1.007825) + (126 X 1.008665) — 208.9804] — 1640 MeV. 


The binding energy of the neon (Ne) 
nucleus is thus 160.6 MeV, and that of 
the bismuth (Bi) nucleus is 1640 
MeV. It is of particular interest to note 
that if these energies are divided by the 
appropriate mass numbers, 20 and 209, 
the results are 8.0 and 7.8 MeV, respec- 
tively. The mass number is equal to 
| the number of nucleons, i.e., the total 
number of protons and neutrons, and 
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the respective mass numbers. With the 
exception of ‘He, C, and O, the values 
fall on or in proximity to a single 
curve. The binding energies of some 
of the lighter nuclides, such as *D and 
3He, are very low, but over a very 
considerable range of mass numbers, 
the binding energy per nucleon is close 
io 8 MeV. This is the figure used in 
earlier chapters for the average energy 
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Fre. 12.2. Binding energy per nucleon as a function of mass number of stable nuclides. - 
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associated with the attachment to (or 
removal from) a nucleus of a neutron 
or proton. 

12.9. A closer study of the curve in 
Fig. 12.2 reveals that the binding en- 
ergy has a broad maximum close to 
8.5 MeV per nucleon, in the mass num- 
ber range from about 40 to 120. For 
higher mass numbers the value de- 
creases and has fallen to 7.6 MeV per 
nucleon for uranium. It is this dimi- 
nution in binding energy which is the 
fundamental cause of the release of 
energy in the fission of nuclei of high 
mass number, as will be shown in 
Chapter 13. It is seen that nuclear 
binding energies are in the range of 
millions of electron volts, compared 
with a few electron volts for the bind- 
Íng energies of electrons involved in 
chemical reactions. Consequently, the 
energy released in nuclear processes, 
such as fission, may be a million times 
as great as is obtained from the same 
quantity of material taking part in a 
chemical change, such as combustion. 

12.10. It may be remarked that, al- 
though Fig. 12.2 fs important and use- 
ful, it does not give a complete picture 
of the variation in binding energy. 
The values plotted are the average 
binding energy per nucleon for all the 
protons and neutrons present in the 
particular nucleus. But it is evident 
from the shape of the curve that the 
actual binding energy is not the same 
for each nucleon. As the maximum of 
the curve is passed, almost every suc- 
cessive proton or neutron is bound less 
tightly than those already present, and 
the over-all average decreases steadily. 
What is desirable, but is as yet only 
partly available from measured atomic 
masses, is the binding energy of every 
stable, and even unstable, nuclide; 
then the binding energy of each added 
proton or neutron could be determined 
throughout the whole mass range. 
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Good estimates of these quantities 
have, however, been made by calcula- 
tion, and some of the information ob- 
tained in this manner will be discussed 
later. 

12.11. A matter to which attention 
may be called here is the problem 
of radioactive decay by alpha-particle 
emission. Although both light and 
heavy radioelements exhibit beta ac- 
tivity, the emission of alpha particles 
is à rare occurrence among the lighter 
elements ($ 10.135). This fact can be 
correlated with the binding energies 
derived from atomie masses. The for- 
mation of an alpha particle from two 
protons and two neutrons would re- 
lease 28.2 MeV of energy, as seen in 
$ 4.40; hence, if the energy required to 
detach two protons and two neutrons 
from a nucleus were less than this 
amount, radioactive decay by the ex- 
pulsion of an alpha particle should be 
theoretically possible. If the decay is 
to take place at an observable rate, 
however, at least from a nucleus of 
high atomic number, the alpha particle 
must have about 5 MeV energy, so 
that it has an appreciable probability 
of penetrating the electrostatic poten- 
tial barrier ($ 8.31). Hence, for alpha- 
particle emission to be detected, the 
detachment from the nucleus of two 
protons and two neutrons should re- 
quire less than 28 — 5 — 23 MeV, ap- 
proximately. 

12.12. The total binding energy of 
bismuth (*?Bi), as seen above, is 1640, 
and that of uranium (?5U) is 1802 
MeV; in this range of mass numbers, 
therefore, the mean binding energy per 
additional nucleon is 1802 — 1640 — 
162 MeV, divided by 238 — 209 = 29, 
i.e., 5.6 MeV. The energy necessary 
to detach two protons and two neu- 
trons from an atomic nucleus would 
thus be about 22 MeV, which is less 
than the maximum for alpha-particle 
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emission. It can be understood, there- 
fore, why this type of radioactivity is 
common among elements with mass 
numbers exceeding 210.* If the same 
calculations are made for elements with 
atomic numbers somewhat less than 
that of bismuth, it will be seen that 
the mean binding energy per addi- 
tional nucleon is greater than 6 MeV, 
and consequently radioactive decay by 
the expulsion of alpha particles is not 
generally observed. 

12.13. It was stated in § 10.135 that 
a few alpha-emitters with mass num- 
bers in the region of 150 have been 
detected. In these neutron-deficient 
nuclides the number of protons, com- 
pared to that of neutrons, is definitely 
higher than for stable species of similar 
mass number. It will be seen later 
(§§ 12.43, 12.80) that this will result in 
a considerable decrease in the binding 
energy, so that the removal of an alpha 
particle evidently becomes possible. 
Another factor, which will be men- 
tioned in § 12.109, undoubtedly facili- 
tates this type of decay in the cases 
under consideration. 


NucLEON-NUCLEON FORCES 


12.14, The next matter to consider 
is the nature of the forces which bind 
together the protons and neutrons in 
atomic nuclei. One thing is certain: 
these forces are fundamentally different 
from the more familiar gravitational 
and electrostatie forces of attraction, 
as well as from the weak interactions 
involved in beta decay (88.54). The 
small size of the nucleus and its great 
stability show that the nucleon forces 
are what are known as short-range 
forces, operating over very short dis- 
tances only, of the order of 10-!* cm or 
1 fermi (§ 4.19, footnote). This distin- 
guishes them from the forces associated 


* The occurren: 
tributory factor (8 12.108). 
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with gravitational and electrostatic 
fields, which can act over very much 
greater distances. If long-range forces 
were operative, there would be inter- 
actions between distant nucleons, as 
well as between those in close prox- 
imity; the total binding energy would 
then increase roughly as the square of 
the number of particles in the nucleus. 
Actually, as stated in the preceding 
section, the binding energy is approx- 
imately proportional to the number of 
constituent nucleons. This is attrib- 
uted to the saturation character of the 
forces between nucleons; that is to 
say, each nucleon attracts those in its 
immediate vicinity, but is relatively 
indifferent to the others. In this re- 
spect, the nucleus may be compared 
with a liquid drop: each molecule in 
the drop attracts those with which it . 
is in contact but has no influence on 
the more distant molecules. As & re- 
sult, the total energy and volume of & 
liquid drop are directly proportional 
to the number of molecules it contains. 
The same is true of atomie nuclei; the 
binding energy and the volume (ef. 
$12.19) are related to the mass num- 
ber, i.e., the number of nucleons in the 
nucleus. 

12.15. The existence of proton-neu- 
tron (p-n), proton-proton (p-p), and 
neutron-neutron (n-n) forces of attrac- 
tion can be readily proved by consid- 
eration of a few simple nuclei. The 
relative stability of the deuteron, 
made up of one proton and one neu- 
tron, shows that the (p-n) force has 
appreciable magnitude. Further, the 
addition of an extra neutron, to form 
a tritium (*T) nucleus, or of an extra 
proton, to yield the helium (*He) nu- 
cleus, is accompanied by a marked 
increase of binding energy, partly due 
to (n-n) and (p-p) forces, respectively. 


ce of the stable system of 126 neutrons in this vicinity is probably a con- 
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Since the nucleus of tritium contains 
a proton and two neutrons, it may be 
assumed that there are two (p-n) and 
one (n-n) forces; on the other hand, the 
*He nucleus consists of two protons and 
a neutron, and so there are two (p-n) 
and one (p-p) forces. The binding en- 
ergy of the °T nucleus is 8.48 MeV, 
and that of *He is 7.72 MeV, both 
being appreciably greater than the 
binding energy of the deuteron (2.225 
MeV). 

12.16. In comparing the forces in 
*T with those in *He, it is evident that 
the only difference is that a (n-n) in- 
teraction in the former has been re- 
placed by (p-p) in the latter. Since the 
binding energy of the *T nucleus is 
greater than that of *He by 8.48 — 
7.72, i.e., 0.76 MeV, it might appear, 
at first sight, that the (n-n) force is 
somewhat larger than the (p-p) force 
in the nucleus. It must be realized, 
however, that in addition to the at- 
tractive nucleon-nucleon forces, the 
interaction between two protons .al- 
ways involves a force of electrostatic 
repulsion. If allowance is made for 
this repulsion, it appears that the at- 
tractive (nuclear) forces between two 
neutrons and between two protons are 
essentially identical. This result is re- 
ferred to as the charge symmetry of the 
internucleon forces. It should be noted 
that the binding energies considered 
above do not permit a comparison to 
be made between the (n-n) and (p-p) 
forces, on the one hand, and the (n-p) 
forces on the other hand; this aspect 
of the problem will, however, be con- 
sidered shortly. 

12.17. Further evidence for the con- 
cept of charge symmetry of the forces 
between nucleons has been obtained 
from a study of the binding energies of 
the mirror nuclides (88.77). In each 
pair of such nuclei, the parent has one 
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more proton than neutrons, whereas 
the daughter has one more neutron 
than protons. Here again, the numbers 
of (n-p) forces are the same in both 
parent and daughter nuclei, but a (p-p) 
force in the former is replaced by a 
(n-n) force in the latter. After making 
allowance for the difference in the elec- 
trostatic repulsive forces between the 
protons in each pair of nuclei, the 
binding energies are found to be almost 
equal. It may be concluded, therefore, 
that the (n-n) and (p-p) forces in the 
mirror nuclei must be the same. The 
similarity in the energies of the excited 
states in mirror nuclei pairs provides 
further confirmation for this point of 
view. The replacement of a (p-p) force 
by a (n-n) force evidently has little 
effect on the energy states of the nu- 
cleus. 

12.18. Much of the information 
about nuclear forces has been obtained 
from observations on the scattering of 
nucleons of various energies by nu- 
cleons in a target. The scattering of 
protons and neutrons by protons is 
studied with targets of hydrogenous 
materials, and for the scattering of 
neutrons by neutrons the target con- 
tains deuterium; if the neutron energy 
exceeds the binding energy, the deu- 
teron behaves as a separated neutron 
and proton. From the scattering data 
available at the time, G. Breit, E. U. 
Condon, and R. D. Present concluded 
in 1936 that the nuclear force between 
a neutron and a proton is the same 
as that between two protons and, con- 
sequently, between two neutrons. That 
is to say, the (n-p), (p-p), and (n-n) 
forces are equal, apart from the effect 
of electrostatic repulsion of two pro- 
tons. This is the principle of charge 
independence of the nucleon force which 
goes farther than the charge symmetry 
concept given above. Comparison of 
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the binding energies of certain isobaric 
nuclides, e.g., Be, YB, and "C, con- 
firms that nuclear forces are charge 
independent. The first and third of 
these three nuclei have the same num- 
ber of (n-p) forces and differ only in 
the replacement of (n-n) by (p-p) 
forces, as in mirror nuclides. As ex- 
pected, the binding energies are about 
equal after allowing for the electro- 
static repulsion of the protons. In “B, 
however, the number of (n-p) forces 
is different from that in the other two 
isobars. Theoretical considerations in- 
dicate that if the nucleon forces are 
charge independent there should be 
an excited state of YB with the same 
binding energy, apart from electro- 
static effects, as the other nuclei in 
their ground states. There is evidence 
that such an excited state of YB exists. 

12.19. It is generally agreed at pres- 
ent that internucleon forces are indeed 
charge independent and are the same 
between any pair of nucleons, at least 
for particles of moderate energy, re- 
gardless of their nature. This situa- 
tion is in harmony with the approx- 
imate constancy of the nuclear binding 
energy per nucleon, especially if allow- 
ance is made for the repulsion between 
protons. The remarkable constancy of 
nuclear densities is also in agreement 
with the charge independence prin- 
ciple. It was stated in § 4.19 (see also 
§ 12.61 et seq.) that the radius of any 
nucleus is approximately proportional 
to A15, and so the volume varies di- 
rectly as A, the mass number. The 
nuclear density, which is equal to the 
mass divided by the volume, is thus 
very nearly the same for all nuclei, 
irrespective of the number of protons 
and neutrons they contain. Such a re- 
sult indicates an approximate equality 
of the attractive forces operating be- 
tween the individual nucleons. 
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Tue DINEUTRON AND DIPROTON 


12.20. In view of the probable equal- 
ity of (p-p), (p-n), and (n-n) forces 
and the existence of the stable deu- 
terium nucleus (or deuteron), consist- 
ing of a proton and a neuiron, it is 
reasonable to consider the possibility 
of the occurrence of a stable combina- 
tion of two neutrons (or dineutron) 
and of two protons (diproton). Since 
1946, a number of provisional claims 
have been made to the identification of 
the dineutron, but none has been sub- 
stantiated. Furthermore, experiments 
designed to detect this particle in the 
high neutron density of a nuclear fis- 
sion reactor have led to negative re- 
sults. As far as the diproton, which 
would be a helium nucleus of mass 
number 2, i.e., *He, is concerned, there 
has been no indication that it might 
exist as a stable entity. 

12.21. A clue to the solution of the 
problem of the stability of the deu- 
teron, on the one hand, and the in- 
stability of the dineutron and diproton, 
on the other hand, is to be found from 
an examination of the resultant nu- 
clear spins. The spin of the deuteron 
is known to be one unit, and since 
both the proton and the neutron each 
have 1 unit of spin, it is evident that 
in the deuteron the proton and neu- 
tron spin in the same direction, ie., 
the spins are parallel. Scattering meas- 
urements and calculations indicate that 
a proton-neutron combination with 
zero spin, ie., in which the nucleons 
have antiparallel spins, is unbound. 
In the dineutron and diproton, how- 
ever, a spin of unity is prohibited by 
the Pauli exclusion principle, described 
in § 4.64. As applied to nucleons, this 
principle implies that two nucleons can 
exist in the same energy state, ie., 
with the same quantum numbers other 
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than spin, only if they have oppositely 
directed (or antiparallel) spin compo- 
nents. Consequently, assuming the two 
neutrons (or two protons) in the dineu- 
tron (or diproton) to be in the same 
energy state, the spin directions must 
be antiparallel, so that the net spin 
is zero. Since low-energy states with a 
spin of unity cannot exist, it must be 
concluded that the occurrence of the 
dineutron and the diproton as stable 
particles is not to be expected. Two 
identical nucleons could have parallel 
spins if they had different spatial co- 
ordinates, i.e., different quantum num- 
bers other than spin. A nuclear system 
of this kind, however, would not be 
stable. 


CHARACTERISTICS OF NUCLEON 
Forcus 


12.22. Before attempting to describe 
a theory of the forces between nu- 
cleons, it is necessary to review some 
of the main characteristics of these 
forces. First, there is undoubtedly an 
attractive central force between two 
nucleons; that is to say, there is a 
force of attraction acting along the 
line joining the nucleons that depends 
on their distance apart. This force is 
independent of the charge on the nu- 
cleons and is the same for all three 
types of nucleon pairs, namely, (n-n), 
(p-p), and (n-p). It is a short range 
force that decreases very sharply at 
distances greater than about 10~ em. 
The central force between two nu- 
cleons differs from other central forces, 
such as electrostatic and gravitational 
forces, in an important respect: its 
magnitude depends on the directions 
of the spins of the nucleons. 


spatia ites, 
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12.23. The spin dependence of the 
central force between two nucleons has 
been established in various ways. In 
the first place, there is the fact that 
the deuteron, with a total spin of one 
unit, in which the proton and neutron 
have parallel spins, is stable, whereas 
the diproton and the dineutron, in 
which the nucleons would have anti- 
parallel spins, do not exist. Moreover, 
studies of the scattering of neutrons by 
protons have shown that there are two 
distinct types of scattering, namely, of 
neutrons with spins parallel to those 
of the protons and of neutrons with 
opposite (antiparallel) spins to the pro- 
tons. The characteristics of the latter 
are found to correspond closely to 
those observed in proton-proton scat- 
tering where the Pauli exclusion prin- 
ciple permits only antiparallel spins. 
An additional argument for the spin- 
dependence of the nucleon force arises 
from the scattering of neutrons by the 
ortho and para forms of molecular hy- 
drogen. The hydrogen molecule con- 
tains two atoms, each of which consists 
of a proton and an electron; in ortho- 
hydrogen the spins of the two protons 
are parallel and in para-hydrogen they 
are antiparallel (cf. § 3.86).* The dif- 
ference in scattering behavior in the 
two cases indicates that the relative 
spin directions of the neutron and pro- 
ton affect the interaction of these nu- 
cleons. 

12.24. It will be seen in due course 
(8812.75, 12.77) that the magnetic 
properties of the deuteron can be ac- 
counted for only by postulating the 
existence of a tensor force between the 
proton and the neutron. The magni- 
tude of this force depends on the direc- 
tions of the spin axes of the nucleons 


* The occurrence of two protons with parallel spins in ortho-hydrogen does not violate the 
Pauli Paes le because the protons are in different hydrogen sare 


atoms, ie, they have different 
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Fic. 12.3. Dependence of force on direc- 
tion of spin axes of nucleons (above) and 
of bar magnets (below). 


with respect to the line joining the 
particles (Fig. 12.3). but, unlike the 
central force, it does not necessarily 
act along this line. A tensor force is 
the kind of force exerted by one dipole 
(or bar) magnet on another such mag- 
net; its direction and magnitude de- 
pend on the angle the magnets make 
with each other. 

12.25. Another type of internucleon 
force to be considered results from the 
interaction of the spin and orbital an- 
gular momenta ($4.86) of the nu- 
cleons. Such a force will be determined 
by the magnitudes of these two quan- 
tities and by the angle between their 
respective directions (or vectors). Evi- 
dence for the spin-orbit force has come 
from the scattering of protons by pro- 
tons. Every proton has a spin of V4 
unit and this may be treated as posi- 
tive or negative, according to the di- 
rection of the spin axis. Under ordinary 
conditions, a beam of protons will have 
equal numbers with positive and nega- 
‘tive spins. It has been found that, in a 
- scattered beam, protons with positive 
spins travel preferably in one direc- 
tion and those with negative spins in 
another direction. The protons are said 
to become polarized, at least partially, 
as a result of scattering by other pro- 
tons. The only satisfactory explanation 
of this phenomenon is that there is an 
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interaction between the proton spins 
and the orbital angular momentum of 
the proton-proton system. The proton 
spins in one case are parallel to and 
in the other case antiparallel to the 
direction of the orbital angular mo- 
mentum vector. The possibility of spin- 
orbit interaction is also’ indicated by 
the success achieved in arranging the 
nucleons in various groups or shells 
in a nuclei (§ 12.112). 

12.26. Finally, there is a nucleon- 
nucleon repulsive force to be taken 
into consideration, apart from the mu- 
tual electrostatic repulsion between the 
protons. If the forces between nucleons 
were attractive only with no repulsive 
forces, neither the total binding energy 
nor the nuclear volume would be pro- 
portional to the number of nucleons. 
In other words, the nuclear force would 
not have its known saturation char- 
acter (§ 12.14). Attractive forces alone 
would lead to the collapse of the nu- 
cleus until each nucleon would be 
within range of almost every other 
nucleon; as a result, the binding en- 
ergy would increase more rapidly with 
mass number than is actually ob- 
served. Furthermore, the nuclear vol- 
ume would increase less rapidly and 
would be roughly constant, regardless 
of the number of nucleons present. It 
should be noted, too, that the satura- 
tion properties of a liquid, to which a 
nucleus is analogous, depend on the 
existence of a repulsive force that is 
operative at a shorter range than the 
attractive force. There seems little 
doubt that there is a similar repulsive 
force in a nucleus that becomes effec- 
tive at distances less than about 0.5 X 
10-9 em. There may well be other 
forces between nucleons, in addition 
to those mentioned above, but it is 
clear, in any event, that the inter- 
action between two nucleons is very 
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much more complex than between two 
electrical charges. 


Tue Meson Fietp THEORY 
or NucLEON Forces 


12.27. The only interpretation of 
nucleon forces which has had even 
partial success has developed from the 
suggestion made in 1935 by H. Yukawa 
(810.138) based on an analogy with 
electromagnetic forces. The application 
of quantum. mechanics to the electro- 
magnetic field surrounding a charged 
particle leads to the conclusion that 
the electrical force is exerted by the 
transfer of 4, photon (83.35) from one 
charged body to another. The photon 
is referred to as the field particle of the 
electromagnetic field. Yukawa thought 
that the (strong) interaction between 
nucleons might be accounted for in 4 
similar manner by postulating an ap- 
propriate field particle. To determine 
the approximate mass, m, of this hy- 
pothetical particle, use may be made 
of the wave-mechanical relationship 
that its effective interaction range 
should be equal to 4/2, where ^ is 
the equivalent wave length of the par- 
ticle. If a particle of mass m travels 
with the velocity of light, as might be 
expected for a field particle, its wave 
length is given by equation (3.7) as 
h/mc, where h is the Planck constant 
(83.30) and c is the velocity of light. 
The effective range of the field particle 
would thus be h/2xme, often referred 
to as the Compton. wave length. Based 
on known nuclear dimensions, Yukawa 
assumed that the range of the nucleon 
force (and of the field particle) would 
be about 2 X 10-" em, and this led to 
a value of m roughly 200 times the 
mass of an electron. He then went on 
to say '". . . as such a quantum of 
large mass . . . has never been found 
by experiment, the above theory seems 
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to be oa the wrong lines." But this 
pessimistic conclusion was to prove 
unfounded. 

12.28. A particle with a mass of 
about 200 electron masses, now called 
a muon (§ 2.129), was discovered in 
cosmic rays in 1936 and for more than 
ten years it was thought to*be the 
Yukawa field particle. In 1947, how- 
ever, E. Fermi, E. Teller, and V. F. 
Weisskopf in the United States con- 
cluded from a study of the capture of 
muons by matter, made during the 
same year by the Italian scientists 
M. Conversi, E. Pancini, and O. Pic- 
cioni, that the interaction was much 
too slow for these particles to serve 
as the field particles for the strong 
nucleon forces. In order to overcome 
this objection, the suggestion was made 
Shortly afterwards by S. Sakata and 
T. Inoue in Japan and independently 
by H. A, Bethe and R. E. Marshak 
in the United States that there was 
another particle, heavier than the 
muon, and at the time unknown, which 
had the properties required to account 
for the forces between nucleons. It was 
caleulated that in a few hundred-mil- 
lionths, i.e., a few times 10-5, of a 
second, this particle in the free state 
would be expected to change into a 
muon; thus, its existence would be 
transitory. Within a few weeks of the 
publication of these views, the particle 
now known as the pi-meson or pior. was 
discovered in cosmic rays (§ 2.131). The 
pion, which occursin positive, negative, 
and neutral forms, has a mass about 270 
times that of the eleetron and, unlike ~ 
the muon, interacts very readily with 
matter. Furthermore, it has other prop- 
erties, e.g., spin and parity (§ 8.74), 
which qualify it to be the field perce 
for nucleon forces. 

12.29. The essence of the theory of 
nucleon forces based on the pi-meson 
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is that every nucleon is surrounded by 
a meson field through which it interacts 
with other nucleons, just as a charged 
body interacts with other charged bod- 
ies through an electromagnetic field. 
The pion then serves the same func- 
tion in the meson field as the photon 
does in the electromagnetic field. In- 
teraction between two nucleons occurs 
by the transfer of a pion from one 
particle to the other, whereas an elec- 
tromagnetic interaction is associated 
with the passage of a photon. In order 
to account for the existence of the 
meson field, it is postulated that neu- 
trons and protons are continuously 
emitting and absorbing positive, neg- 
ative, and neutral pions. These mesons 
remain free for such an extremely short 
time that they are undetectable and 
are consequently: referred to as virtual 
mesons.* The situation that exists can 
best be explained in terms of the uncer- 
tainty principle (§ 3.46). 

12.30. It follows from the Einstein 
mass-energy relationship that the cre- 
ation of a pi-meson, with a mass of 
about 270m., where m, is the electron 
mass, requires about 139 MeV of en- 
ergy, i.e., 2.22 X 10-* erg. This un- 
certainty in the energy of a nucleon is 
permissible if its product with the time 
interval in which it oecurs does not 
exceed h/2r, where h is 6.62 X 107? 
erg sec (83.32). The time interval, 
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during which a virtual meson can exist 
without being detected, is thus about. 
5 X 10- sec; The maximum speed of 
the meson is that of light, 3 X 10 em 
per sec, and so the maximum distance 
the meson can travel and yet remain 
undetected is 5 X 10 X 3 X 10”, 
ie, 1.5 X 10-? em. This distance is 
close to the known range of nucleon 
forces; hence the concept of the virtual 
emission of mesons appears justified.T 

12.31. A nucleon may thus be 
thought of as being surrounded by a 
“cloud” of virtual pions which con- 
stitutes the nucleon force field. When 
two nucleons are close enough, i.e., 
within 1.5 X 10- cm, for a pi-meson 
to pass from one to the other, a force 
of attraction is exerted between them. 
This would explain the short-range 
character of the nucleon force. The 
attraction between any two nucleons, 
regardless of charge, could arise from 
the transfer of a neutral pion from one 
nucleon to the other; for two neutrons 
or two protons this is, in fact, the 
only possibility. The force between a 
proton and a neutron could result al- 
ternatively from the transfer of a pos- 
itive pion from the former to the latter, 
or of a negative pion in the opposite 
direction. In either case, the (positive) 
proton would be converted into a (neu- 
iral) neutron and vice versa, leaving 
the combination unchanged; thus, 
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* In the interaction of a nucleon of sufficiently high (over 300 MeV) energy with another 


nucleon, a virtual pion can become a real (or free) pion, i.e., at a distance 


1.5 X 107 cm from the nucleon. Such a free 3s can then be detected 


captured by a nucleon or decays into a muon. 
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‘Incidenta'ly, the existence of positive, 
negative, and neutral pions can ac- 
count for the charge independence of 
the nucleo 1 force.* Since the spin quan- 
tum number of both proton and neu- 
tron is 44, the conservation of spin 
angular momentum demands that the 
pi-meson have a spin of either 1 or, 
preferably, zero. Iv is of interest, there- 
fore, that the experimentally deter- 
mined spin is zero. 

12.32. An essential requirement of a 
complete theory of nucleon forces 
would be the capability of calculating 
the magnitude of such forces on the 
basis of a few experimental data. In 
this respect, the meson theory has been 
far less successful than the analogous 
theory of the electromagnetic field, al- 
though it has led to some important 
conclusions that are in agreement with 
Observation. There are two reasons, at 
least, for the relatively little progress 
during the years that have elapsed 
since the meson field theory was pro- 
posed in 1935. For one thing, as al- 
ready mentioned, nuclear forces are 
much more complex than electromag- 
netic forces. Furthermore, the math- 
ematical difficulties in solving the 
quantum-mechanical equations for the 
nucleon attraction have proved to be 
very great. 

12.33. In general, these equations 
involve a coupling constant which ap- 
pears in the expression for the inter- 
action of the field particle with the 
field itself. The procedure that proved 
very successful in the treatment of the 
electromagnetic field by quantum elec- 
trodynamics is based on expanding the 
interaction in terms of a series of in- 
creasing powers, ie. z, z?, x, etc: 
where z is the equivalent of the cou- 
pling constant. For an electromagnetic 


* This was first 
of neutral, as 
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field, the dimensionless coupling con- 
stant is 1/137, i.e., 7.3 X 107? (§ 8.54), 
This is so small, that all terms in the 
power series beyond the first can be 
ignored, since (1/137)* is 5.3 X 10-5, 
and succeeding powers are still smaller. 
When such terms are neglected, the 
results obtained by calculation are in 
excellent, agreement, with experiment. 
In the case of a nucleon in a pi-meson 
field, however, the interaction is much 
stronger than for an electromagnetic 
field; the interaction among nucleons 
is in fact an example of what is called 
the strong interaction. (§ 20.22 et seq.). 
The equivalent dimensionless coupling 
constant for the pion-nucleon field is 
about 15, i.e., roughly 2000 times as 
large as for the electromagnetic field. 
The higher order terms in the power 
series expansion in the former case 
are, therefore, significant, and their 
neglect must inevitably lead to very 
approximate results in the solution of 
the meson-field equations. A complete 
solution of these equations is unfor- 
tunately not yet feasible. 

12.34. Most meson-theory calcula- 
tions have been based on one-pion 
transfer, i.e., the assumption is made 
that only one pion is exchanged be- 
tween the interacting nucleons. This is 
equivalent to the approximation of 
using only the first term of the series 
expansion referred to above. The si- 
multaneous transfer of two, three, etc., 
pions, which probably also takes place 
(§ 12.40), would give the second, third, 
etc., terms of the series and these are 
neglected. One of the most striking 
achievements of the one-pion transfer 
approach is that it leads directly to 
two important aspects of the nucleon 
interaction: a spin-dependent central 


force and a tensor force. These are a. 


inted out in 1938 by N. Kemmer in England; hı tulated the existence 
as charged, nucleon field perticas ix SEES SEE 
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consequence of the zero spin and odd 
(negative) parity of the pi-meson. The 
calculated values of these forces differ 
from the experimental results, but this 
is not unexpected in view of the neglect 
of the higher-order terms in the power 
series. 

12.35. The one-pion transfer theory 
should give best agreement with ex- 
periment for interactions in which the 
nucleons do not approach too closely. 
At small separation distances, e.g., less 
than about 10-9 cm, two- and three- 
pion transfers would become impor- 
tant. It may be noted, therefore, that 
one-pion calculations applied to some 
situations in which the nucleons do 
not come very close together give al- 
most identical values for the coupling 
constant, The cases studied include 
the binding energy and. quadrupole 
_ moment of the deuteron (§ 12.78), the 
scattering of pions and nucleons by 
nucleons at moderate energies, and the 
photoproduction of positive pions, i.e. 
the conversion of a proton into a neu- 
tron and a pion by gamma rays of 
sufficient energy. This agreement sug- 
gests very strongly that the meson- 
field theory is along the right lines. 

12.36. Two aspects of nucleon forces 
remain to be considered, namely, the 
repulsion between nucleons when they 
approach closely and the spin-orbit 
forces. The earliest. attempts to ac- 
count for the repulsive force arose from 
the work of W. Heisenberg in 1932, 
soon after he suggested that atomic 
nuclei consist of protons and neutrons 
($4.35). Before Yukawa enunciated 
his field theory, Heisenberg had tried 
to account for the interaction, both 
attractive and repulsive, between pro- 
tons and neutrons by exchange forces 
resulting from the transfer of an elec- 


* AB 
trical charge, as an electron or positron, 
from one nucleon to the other. 

12.37. The concept of exchange 
forces, which is a direct consequence 
of wave mechanics and has no equiv- 
alent in classical (or Newtonian) me- 
chanics, arises in the following manner. 
If two interacting particles, e.g., two . 
nucleons, can exchange some property 
(or constituent) without any accom- 
panying net change in energy, then 
two different states of the nucleon sys- 
tem are possible. One of these states 
is stable, representing an attraction 
between the nucleons, and the other 
is unstable, implying a repulsion. By 
taking a proper combination of the 
attractive and repulsive states, it might 


E 


' be possible to account for the satura- 


tion character of the nuclear forces. 
As mentioned above, Heisenberg con- 
sidered an exchange of charge, so that 
a neutron-proton system would be con- 
verted into a proton-neutron system 
of the same energy. It appeared, how- 
ever, that the repulsive contribution of 
the exchange force was not adequate 
to account for the actual behavior, and 
Heisenberg thought that, in addition, 
strictly repulsive forces operated be- 
tween two nucleons when their centers 
came close together. But this sugges- 
tion, now known as the repulsive core 
concept, had a relatively short life. 
In 1933 the Italian physicist E. Ma- 
jorana showed that, by allowing for 
other types of exchange between a 
proton and a neutron, the resulting 
exchange forces made it appear un- 
necessary to postulate a repulsive 
core. 

12.38. With the development of the 
meson theory, various types of ex- 
change forces, as well as of ordinary, 
i.e., purely attractive, forces,* became 


* The so-called ordinary forces would result from the transfer of neutral pions. 
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conceivable as a consequence of the 
transfer (or exchange) of charged and 
neutral mesons between protons and 
neutrons (§ 12.31). Support for the ex- 
istence of nucleon exchange forces 
came in 1947 from scattering experi- 
ments made at the University of 
California, Berkeley. When neutrons 
of 100-MeV (or more) energy, ob- 
tained by the bombardment of a beryl- 
lium target by accelerated deuterons 
(§ 11.16), were allowed to impinge on 
a paraffin target, protons were ejected 
from the target in a forward direction 
with the same energy as the incident 
neutrons. A similar effect was observed 
in the passage of high-energy neutrons 
through a hydrogen gas in a Wilson 
cloud chamber (§ 7.90). Evidently the 
high-energy neutron takes a positive 
pion from the meson cloud of a target 
proton and proceeds as a proton of the 
same energy as the original neutron. 
A quantitative explanation of this phe- 
nomenon, called charge-exchange scat- 
tering, requires the existence of both 
ordinary and exchange forcesin roughly 
equal amounts. 

12.39. In view of the situation con- 
cerning exchange forces, it was gen- 
erally accepted that the repulsive core 
did not exist in nucleons. In 1951, 
however, R. Jastrow in the United 
States showed that the exchange forces 
which appeared adequate at lower en- 
ergies could not account for proton- 
proton scattering at energies in excess 
of 300 MeV. He therefore revived the 
concept of the repulsive core, to sup- 
plement the repulsive contribution of 
the exchange forces. At; energies below 
. about 300 MeV, the repulsive core has 
no significant influence on the scatter- 
ing because the centers of the nuclecns 
do not approach within 0.5 X 107" cm. 
In interactions at higher energies, how- 
ever, the nucleons come closer together 


Sourcebook on Atomic Energy 


Chap. 12 | 


and the effect of the repulsive nucleon 
core becomes apparent. A 
12.40. If a field particle is the inter- 
mediary in the operation of the repul- 
sive nucleon force its mass must be 
about three times that of the pion, 
because the effective range is smaller 
in this proportion, i.e., 0.5 X 107? em - 
compared with 1.5 X 10-" cm. Thus, 
tlie simultaneous transfer of two or - 
three pions between nucleons might | 
account for the repulsion. An alterna- — 
tive interpretation, which has been 
postulated to account for the distribu- - 
tion of electric charge in the proton — 
as indicated by electron scattering 
measurements (§ 12.65), is that heav- : 
ier mesons, namely, p, w, and $ parti- - 
cles (see Chapter 20), are: involved; 
these particles may be regarded as 
combinations (resonances) of two or 
three pions. They have a spin of 1 unit, 
and odd parity and have the properties 
required to account for the spin-orbit 
interaction as well as for the repulsion. 
between nucleons at short distances. 
It is of interest that the p-meson exists 
in positive, negative, and neutral 
forms; the w and ¢ particles are un- 
charged. 
12.41. In conclusion, it should be: 
mentioned that, as far as is known, the 
K-meson ($ 2.134) does not appear to: 
play a significant role in nuclear forces. 
Because of certain conservation re- 
quirements ($ 20.99), the formation of 
a K-meson in strong interactions must 
be accompanied by another particle, 
e.g, another K-meson or, often, 4” 
heavier particle. Since the total mass 
is relatively large, the range of the 
associated forces would probably be 
very small. At the present time, there 
is no obvious requirement for the 
K-meson as a field particle and it& 
function, if any, in nuclear forces is 


not known. 
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NUCLEAR STABILITY 


Nevurron-Proton Ratios 
IN STABLE NUCLEI 


12.42. A review of the nuclear com- 
positions and masses of various nu- 
clides has revealed a number of general 
rules concerning the stability (or in- 
stability) of atomic nuclei. Consider, 
first, the variation with increasing 


NUMBER OF NEUTRONS (4-Z) 


o 20 40 
NUMBER OF PROTONS (Z) 


Fig. 12.4. Numbers of neutrons and 


mass number of the ratio of neutrons 
to protons in the stable nuclides. The 
experimental results are plotted in Fig. 
12.4, with the numbers of protons (Z) 
as abscissae and the numbers of neu- 
trons (A — Z) as ordinates. A line is 
drawn at an angle of 45?, so that 
points lying on this line represent nu- 


80 100 


ns in stable nuclei; the short dashed lines - 


proto! 
indicate magic numbers of neutrons (horizontal) and protons (vertical). 
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clei containing equal numbers of pro- 
tons and neutrons. It will be observed 
that, for elements of low mass number, 
the neutron-to-proton ratio for the sta- 
ble species is close to unity.* In fact, 
of the 18 nuclides with mass numbers 
through 20, there are equal numbers of 
neutrons and protons in eight and a 
difference of only one in nine others. 
This approximate (or exact) equality 
is what might be expected, on general 
grounds, from the similarity between 
(p-p), (n-n), and (n-p) forces. 

12.43. A further examination of Fig. 
12.4 shows that, when the number of 
protons in the nucleus is greater than 
20, the ratio of neutrons to protons 
in stable nuclides is always larger than 
unity. In other words, in order to main- 
tain stability the number of neutrons 
must exceed the number of protons, 
the neutron excess increasing with in- 
creasing atomic number (or mass num- 
ber). For the heaviest stable nuclides, 
such as *88Pb and ?2$Bi, the ratio of neu- 
trons to protons is slightly greater 
than 1.5. 

12.44. The explanation of this fact 
is not far to seek. The electrostatic 
forces between protons do not exhibit 
the saturation property of the nuclear 
forces; thus each proton repels, and 
is repelled by, all the others present in 
the nucleus. As a result, the electro- 
static repulsive force grows rapidly as 
the atomic number increases. The total 
electrostatic repulsion energy in a nu- 
cleus is roughly proportional to Z?/R, 
where Z is the number of protons, i.e., 
-the atomic number, and £ is the radius 
of the nucleus. The latter varies as 
415, where A is the mass number, so 
that the electrostatic repulsion is de- 
termined by the quantity Z?/A!, It 
is a matter of simple arithmetic to 
show that the repulsion energy of the 


* For such elements the umber of 
half the mass number z (Gt AUS 
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protons in §Bi is about ten times as 
great as that in Ca, which is the 
heaviest stable nuclide with a neutron- 
to-proton ratio of unity. 

12.45. In order to overcome the in- 
creasing repulsion of the protons and 
maintain stability in the heaviest ele- 
ments, the nuclei must contain a larger 
proportion of neutrons. The additional 
(n-n) and (n-p) attractive forces then 
partly compensate for the growing 
proton-proton repulsion. Nevertheless, 
beyond a certain point, around Z = 30, 
the electrostatic repulsion has in- 
creased to such an extent that the 
binding energy per nucleon decreases 
steadily with increasing mass number, 
as seen in Fig. 12.2; this matter will 
be considered more fully in $12.79 . 
et seq. 

12.46. In Chapter 10 reference was 
made to the stability range for the 
ratio of neutrons to protons; that such 
a more or less definite range exists for 
each atomic number (or mass number) 
is evident from Fig. 12.4. The most 
abundant isotopes of any given ele- 
ment, which are presumably the most 
stable, are usually found near the mid- 
dle of the stability range. It is true, 
for reasons which will become apparent 
later, that a few nuclides lying within 
the range are unstable, but those out- 
side the range are inevitably radio- 
active. They decay by the emission of 
either negative or positive beta-parti- 
cles, or by orbital-electron capture 
(§ 10.138), so as to bring the neutron- 
to-proton ratio within the stability 
range for the particular mass number. 


Opp-Even RULES or NUCLEAR 
STABILITY 


12.47. A survey of the even or odd 
nature of the numbers of protons and 


rotons, and ES aE a is approximately 
t), as stated in $4.22. sii 
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neutrons in the naturally occurring, 
stable nuclides, tabulated in § 6.47, 
has brought to light some interesting 
regularities. In the first place, it is 
found that nuclei containing even num- 
bers of both protons and neutrons are 
much more common than any others; 
nuclei with an odd number of protons 
and an even number of neutrons, and 
vice versa, are equally common, but 
those containing odd numbers of both 


Number of 
Protons 


Even Odd 


Number of | Even 164 50 
Neutrons) Odd 54 4 


protons and neutrons are rare. The 
numbers of the various types of defi- 
nitely stable nuclides are given in the 
accompanying table. From these data 
it may be concluded that nuclei con- 
taining even numbers of both protons 
and neutrons are the most stable, 
whereas those with odd numbers of 
both are very unstable. Incidentally, 
the six nuclides !*O, “Mg, "Si, Ca, 
#Ti, and **Fe, which are in the former 
category, constitute about 80 percent 
of the earth’s crust. 

12.48, The preferential stability of 
even-even nuclei may be correlated 
with the requirement of the Pauli ex- 
clusion principle. For a given set of 
spatial quantum numbers (or coordi- 
nates), there can be only two neutrons 
and two protons, the spins being op- 
positely directed in each case. Thus, 
a pair of neutrons and of protons may 
be regarded as constituting a kind of 
complete sub-shell, leading to greater 
Stability than would be the case for 
an incomplete sub-shell, i.e., with odd 
numbers of nucleons. The greatest sta- 
bility is to be expected when the neu- 


trons and protons have the same spa- 
tial coordinates. This is the case in 
even-even nuclei containing equal 
numbers of neutrons and protons, i.e., 
nuclei with mass numbers that are 
multiples of four and neutron-to-pro- 
ton ratios of unity. It is noteworthy 
that five of the more abundant nat- 
urally occurring species, namely, 2He, 
180, 14Mg, 148i, and 2Ca, fall into this 
category. 

12.49. Attention may also be drawn 
to the nuclei {He (alpha particle), '$C, 
and $0, which are even-even nuclei 
with equal numbers of neutrons and 
protons. It may be seen from Fig. 12.2 
that the binding energies per nucleon 
for these species lie above the curve; 
they are consequently relatively more 
stable than other nuclei of low mass 
number. It may appear surprising that 
the {Be nucleus, which satisfies the 
same requirements as those mentioned 
above, does not exist in nature. Ac- . 
tually, *Be is relatively stable, but 
*He is so much more stable that the 
*Be nucleus splits up immediately it 
is formed into two ‘He nuclei. The 
great stability of the *He nucleus, i.e., 
the alpha particle, is well known. It is 
significant in this connection that ‘He 
and ‘Li, which contain one neutron 
and one proton, respectively, more 
than ‘He, almost instantaneously ex- 
pel the extra nucleon. On the other 
hand, °Be, "C, and "O, with one ex- 
cess neutron, are stable nuclides, al- 
though °B, *N, and "F, with an excess 
proton, are not. 

12.50. According to the tabulation 
given earlier in this section, there are 
only four stable nuclear species of the 
odd-odd type, i.e., with odd numbers 
of both protons and neutrons. These 
are 3D, $Li, ‘$B, and '$N, and no defi- 
nitely stable odd-odd nuclide of mass 
number exceeding 14 is known; it ap- 
pears, therefore, that such nuclides are 
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unstable.* The stability of the 7D nu- 
cleus, i.e., of the deuteron, has been 
attributed to the attraction of a neu- 
tron and a proton, having the same 
spatial coordinates, and parallel spins 
(§ 12.21). In the other three stable 
odd-odd nuclides, the numbers of neu- 
trons and protons are equal, so that 
the extra, unpaired neutron and proton 
probably have the same spatial coordi- 
nates. Further, the observed spins of 
the nuclei indicate that the neutron 
and proton spins are parallel, as in 
the deuteron. The stability of ‘Li, B, 
and “N. is thus not surprising. The 
next member of the odd-odd series 
should be '$F, but this and subsequent 
members are unstable because the 
mutual electrostatie repulsion of the 
protons requires the presence of an 
additional neutron (or neutrons) for 
stability. The stable nuclides are thus 
SF, fiNa, i Al, etc. 

12.51. In odd-odd nuclei which do 
not have equal numbers of neutrons 
and protons, the odd (unpaired) nu- 
cleons must have different spatial co- 
ordinates. The odd neutron and pro- 
ton thus contribute little, if anything, 
to the stability of the nucleus. If the 


Even mass number. ... 


Odd mass number .............. 


extra neutron were converted into a 
proton, and an electron emitted, or the 
proton were replaced by a neutron, 
accompanied by the emission of a posi- 
tron or the capture of an orbital elec- 
tron, depending on the circumstances, 
the resulting nucleus would be of the 
even-even type and consequently likely 
to be stable. Hence odd-odd nuclei of 
mass number greater than 14 are radio- 
active, exhibiting beta decay; whether 


* The odd-odd nuclides 
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this is positive or negative will depend 
on the neutron-to-proton ratio re- 
quired for stability in the product. 

12.52. Certain corollaries to the fore- 
going .even-odd generalizations will be 
mentioned briefly. Elements of even 
atomic number frequently have sev- 
eral stable isotopes of even mass num- 
ber, since the number of neutrons is 
then also even. On the other hand, 
Stable isotopes of elements of even 
atomie number and odd mass number, 
lé, with an odd number of neutrons, 
are not common. A few elements of 
this type have two isotopes, but tin 
is the only element of even atomic 
number (50) with three stable isotopes 
of odd mass number (115, 117, and 
119). As will be seen later (§ 12.106), 
there appear to be special circum- 
stances in this case, associated with 
the 50 protons present in the nucleus. 

12.53. For elements of even atomic 
number, the mass range of isotopes 
of even mass number is considerably 
greater than it is for those of odd mass 
number. This fact may be illustrated 
by reference to the nine stable iso- 
topes of xenon, atomic number 54, 
which are as follows: 


136 


It is evident from these figures that 
there is a relatively narrow range of 
neutron-to-proton ratio in which the 
nuclides of even atomic number and 
odd mass number, i.e., with an odd 
number of neutrons, are stable. 

12.54. If the atomic number is odd, 
the element has few stable isotopes, 
never more than two, and provided 
the atomic number is greater than 7, 
the mass numbers are always odd, 


SV, La, Lu, and Ta, which occur in nature, are radioactive, 


and hence are not stable, ali ough they have very long half-lives. 
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since the number of neutrons will then 
be even.* In general, regardless of its 
atomic number, no element, with the 
exception of tin, has more than two 
stable isotopes of odd mass number; 
these numbers invariably differ by two 
units, 


Isopars AND BETA Activity 


12.55. Isobars (§ 6.15) are defined as 
nuclides with the same mass number, 
i.e., total number of neutrons and pro- 
tons, but with different atomic num- 
bers, ie., numbers of protons. They 
must consequently represent different 
elements. The number of possible sta- 
ble isobars for a given mass number 
is very limited, and this fact has an 
interesting bearing on the subject of 
radioactivity by beta decay. For any 
odd value of the mass number, there 
is, in general, only one stable nuclide, 
so that no stable isobars exist. There 
are two possible exceptions to this rule, 
for mass numbers 113 and 123, which 
will shortly be considered in detail. 
Among the species which occur in na- 
ture, the pairs "Rb-Sr, !5In-U5Sn and 
'"Re-'Os represent isobars of odd 
Mass number, but the first member 
of each pair is radioactive and is con- 
sequently not a stable nuclide. 

12.56. When the mass number is 
even, there may be two stable isobars; 
if they do exist, their atomic numbers 
are also even and differ by two units. 
In four cases, with mass numbers of 
96, 124, 130, and 136, three apparently 
Stable isobars of even atomic number. 
are known. In five other instances of 
naturally occurring triple isobars of 
even mass number, viz., “A-“K-“Ca, 
UPOTj-0V.SOr WCE] a I8B_ Yh. 


* Potassium, atomic number 19, has three 


39, 40, and 41; the 40- 
tive beta-particle. / 


451 


USLu-"'Hf, and !€HfJ9TaJ9W, the 
successive atomic numbers differ by 
unity. The middle nuclide of each set, 
however, is an odd-odd species and 
is radioactive, undergoing slow beta 
decay; their long half-lives are un- 
doubtedly due to large differences in 
the nuclear spins of the parent and 
daughter, possibly accompanied by 
small energy changes (§8.117). For 
example, the spin of *V in its ground 
state is apparently 6, whereas the two 
possible decay products, *Ti and "Cr, 
have zero spin in their ground states. 

12.57. Since stable isobars, where 
they exist, differ by two units of atomic 
number, there should be no stable iso- 
bàrs of elements adjacent to one an- 
other in the periodic system, for the 
atomic numbers would then differ by 
unity.] Actually, the two apparent ex- 
ceptions to the rule that there are no 
stable isobars of odd mass number are 
also exceptional in this respect. If two 
adjacent elements have isobaric nu- 
clides, then one or the other may be 
expected to be unstable, decaying: by 
beta activity or by orbital-electron 
capture. 

12.58. In general, a nucleus will be 
unstable if its atomic mass is greater 
than the combined masses of two or 
more particles into which it may be 
subdivided. Such a nucleus should dis- 
integrate spontaneously into these par- 
ticles, the extra mass appearing in the 
form of energy. As seen in Chapter 10, 
negative beta-decay and orbital-elec- 
tron capture are not restricted by any 
mass (or energy) difference, except 
that the mass of the parent nucleus 
must be at least equal to that of the 
daughter. For positive beta-activity, 


naturally occurring isotopes of mass numbers 
isotope, however, is radioactive, decaying with the emission of a nega- 


This is a form of what is known as Matlauch’s rule, discussed by the Austrian physicist 


J. Mattauch in 1934. 
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however, the mass of the parent must | is stable and the other is an artificial 


exceed that of the product by two 
electron masses, that is, by about 
0.0011 atomic mass unit. In each of 
these three types of radioactive decay 
the product has the same mass number 
as, and hence is isobaric with, the par- 
ent nuclide, but the atomic number 
differs by one unit. 

12.59. It can be seen, therefore, that 
if there are two isobars of adjacent 
elements, with atomic masses which 
differ by a small amount, the one with 
the larger mass will tend to disinte- 
grate by beta-decay or by electron 
capture, forming the nuclide with the 
smaller mass. The mass difference may 
be quite small, as is the case, for ex- 
ample, with the isobars *T (tritium) 
and ?He. The atomic masses are 
3.016049 and 3.016029 amu, respec- 
tively; the mass difference is thus only 
0.00002 amu, equivalent to 0.018 MeV. 
Nevertheless, tritium is radioactive, 
since it has the higher atomic mass, 
decaying to form helium-3, with the 
emission of a negative beta-particle 
having a maximum (end-point) energy 
of only 0.018 MeV.  : 

12.60. These arguments account for 
the virtual nonexistence of stable iso- 
bars of elements differing by unity in 
atomic number. Of course, numerous 
instances are known of pairs of isobars 
of adjacent elements where either one 


radionuclide, or both are such radio- 
active species. But, in addition, there 
are the two examples, referred to 
above, of apparently stable isobaric 
pairs of elements differing by unity in 
atomic number; these are “%Cd-""In 
and ™§Sb-Te. Unless the atomic 
masses of the isobars are identical, 
one member of each pair must be in- 
trinsically unstable with respect to the 
other. 

12.61, The reason why these pairs 
appear to be stable is probably that 
the beta transitions are highly for- 
bidden because of the large difference 
in the nuclear spins, combined with 
small energy changes. For example, 
the nuclear spin of !*Cd in its ground 
state is J$, whereas that of "In is %, 
and the energy difference is very small. 
It may be noted, however, that the 
negative beta-decay of a metastable 
(isomeric) state of "*Cd, with an es- 
timated nuclear spin of 75, has been 
observed to the ground state of “In. 
It would appear, therefore, that Cd 
is beta-active, but the half-life is so 
long that the radioactivity has not 
been detected. A somewhat similar sit- 
uation apparently exists in connection 
with the '"Sb-'Te pair; in this case, 
it is believed that the Te decays by 
orbital-electron capture with a half- 
life of 1.2 X 10" years. 


PROPERTIES OF NUCLEI 


Nuciear RADI 


12.62. Most of the procedures for 
determining nuclear radii are of two 
general types, namely, nuclear inter- 
action methods and electromagnetic 
(or electrostatic) methods. Some of 
those in the first category have been 
indicated earlier and they will be re- 
viewed here. It was seen in § 8.25 et 
seq. that the decay of an-alpha-particle 


emitter depends on penetration of a 
hypothetical potential barrier. For a 
given alpha-particle energy, the thick- 
ness of the barrier, and hence the rate 
of penetration, is related to the max- 
imum height of the barrier which is 
inversely proportional to the effective 
nuclear radius. Thus, from the known 
radioactive half-lives of alpha-particle 
emitters and the energies of the alpha 
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particles, it is possible to calculate the 
respective nuclear radii. 

12.63. A rough method for deter- 
mining the order of magnitude of nu- 
clear radii, based on the scattering of 
alpha particles, was described in § 4.18. 
A somewhat better, although still ap- 
proximate, procedure makes use of the 
anomalous scattering observed with nu- 
clei of low mass number when the 
alpha particle exceeds a certain en- 
ergy. For energies below this value, the 
(Rutherford) scattering is in agreement 
with Coulomb’s law (§ 4.16), but at 
higher alpha-particle energies, the law 
is not obeyed, and the scattering is 
said to be anomalous. The radius of 
the scattering nucleus can then be eval- 
uated from the minimum energy at 
which the anomalous scattering com- 
mences. 

12.64. A more accurate treatment of 
alpha-particle scattering, as well as of 
the scattering of protons and neutrons, 
by various nuclei is based on the op- 
tical model of the nucleus described in 
§ 11.116. In deriving the potential for 
a given nucleus and its variation with 
distance, it is necessary to introduce a 
relationship between the radius and 
mass number of the nucleus. By using 
the measured scattering cross sections, 
over a range of energies of the incident 
particles for many. different nuclei, it 
was found that 


R = 1.35 X 10-?A!? cm, 


where E is the nuclear radius and A is 
the mass number. This may be taken 
as the best average of the results ob- 
tained by nuclear interaction methods, 
including the application of the optical 
model to total neutron cross sections. 
The effective radii derived from radio- 
active half-lives and energies of alpha 
emitters are somewhat larger, but the 
values may include part of the alpha- 
particle radius. 
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12.65. Turning next to the electro- 
magnetic procedures, the most notable 
method is based on the scattering of 
electrons with energies of 100 to 600 
MeV by various nuclei. The lighter 
the nucleus, the higher the energy of 
the electrons required to serve as a 
probe. Electrons are not affected by 
purely nuclear forces and the anly way 
they interact with nuclei is by electro- 
magnetic forces. From the angular dis- 
tribution of the scattered electrons, 
Le. from the extent of scattering in 
different, directions, it is possible to 
caleulate the positive charge distribu- 
tion in the nucleus as a ‘unction of the 
distance from its center. A comprehen- - 
sive series of measurements of electron . 
scattering have been made by R. Hof- 
stadter and his associates since 1955 
utilizing one of the linear accelerators 
at Stanford University (§ 9.124). 

12.66. The general nature of the re- 
sults obtained by interpreting the data 
is indicated in Fig. 12.5, which shows 
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Fic. 12.5. Typical curve of charge distri- 
bution in a nucleus; c is the half-density 
radius and t is the skin thickness. 


the variation in relative density of the 
positive charge in the nucleus, i.e., 
the charge per unit volume relative to 
the value at the center of the nucleus. 
For some distance from the center, 
the charge density is constant; it then 
drops fairly rapidly and finally tails 
off to some extent. Two characteristic 
parameters of Fig. 12.5 have been de- 
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fined; one, represented by c, is called 
the half-density radius, i.e., the radius 
at which the charge density has de- 
creased to half its value at the center 
of the nucleus, and the other is the 
skin thickness, i.e., the distance in 
which the charge density decreases 
from 90 to 10 percent of the central 
value. Except for the lightest ‘nuclei, 
the values of the half-density radius 
can be expressed to a good approxima- 
tion by 1.07 X 10-*A¥3 em, whereas 
the skin thickness is almost constant 
for all nuclei at 2.4 X 107?! cm, 

12.67. If the distribution of neutrons 
in a nucleus is similar to that of the 
protons, i.e., of the charge, as seems 
probable, then it would appear from 
Fig. 12.5 that a nucleus does not have 
a sharp boundary. Consequently, it 
does not have a well-defined radius. 
Nevertheless, it is possible to derive 
an effective radius that can be used 
for calculational purposes. Thus, the 
relationship between nuclear radius 
and mass number required for the op- 
tical model, to be consistent. with the 
electron scattering measurements, is 
slightly different from that given in 
§ 12.63. For mass numbers less than 
about 60, the numerical factor is closer 
to 1.3 and for masses above 60 it is 
near to 1.2; the value of 1.25 may 
thus be regarded as a reasonable aver- 


12.68. Another electromagnetic (or 
electrostatic) method for geriving nu- 
clear radii reverses the argument 
presented in §12.17 for the charge 
symmetry of nuclear forces. If charge 
symmetry is now assumed, the differ- 
ence in binding energy between two 
mirror nuclides, as determined by the 
Tadioactive (positive beta) decay en- 
ergy, should be equal to the electro- 
static repulsion of the extra proton in 

. the parent nucleus of each pair. This 
repulsion energy can be related to the 
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charge (atomic number) and radius 
of the nucleus; hence; the latter can 
be calculated. The electromagnetic en- 
ergy estimated by classical methods 
must, however, first be corrected for 
certain wave-mechanical effects. 

12.69. Like electrons, muons inter- 
act with nuclei almost exclusively by 
electromagnetic forces. It was seen in 
$4.77 that a negative muon may be 
trapped for an appreciable time by a 
nucleus, and muonic X-rays are then 
emitted as a result of transitions of the 
muon from one energy level to another. 
Because of its relatively high mass, 
compared with that of an electron, the 
muon spends much of its time close to 
(or actually within) the nucleus. Con- 
sequently, the nucleus does not behave 
as a point-charge, but as a positive 
charge distribution of finite size, equal 
to the size of the nucleus. From the 
difference in the observed energies of 
the muonic X-rays and those calcu- 
lated on the basis of a point nuclear 
charge, the dimensions of the nucleus 
may be determined. A somewhat sim- 
ilar effect occurs with the normal char- 
acteristic X-rays of an element (§ 4.71). 
Although the magnitude is much less 
than for muonic X-rays, the results 
can also be used to estimate nuclear 
radii. 

12.70. A number. of other methods 
have been described for obtaining nu- 
clear radi, but only one more will be 
mentioned here. In developing a for- 
mula for calculating the binding en- 
ergies of nuclei from their mass and 
atomic : umbers, an electrostatic term 
is included for the mutual repulsion 
of the protons; this term involves the 
nuclear radius ($$ 12.44, 12.83). A rela- 
tionship between the radius and the 
mass number can then be derived that 
provides the best agreement between 
calcuiated and experimental binding 
energies. 
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12.71. The electromagnetic proce- 
dures for determining nuclear radii all 
give results in general agreement with 
one another. To a good approximation 
the deta may be represented by 


R = 1.25 X 107? 4!? cm, 


for nuclei with mass numbers greater 
than about 20. For the lightest nuclei, 
the numerical factor may be somewhat 
larger, namely 1.3 to 1.4. Where the 
nuclear radius is intended to give the 
range of the interaction force between 
two nucle, the value in $ 12.64 appears 
to be preierable. It should be noted 
that the foregoing discussion involves 
the tacit assumption that nuclei are 
spherical, so that a radius ean be as- 
cribed to them. Although many nuclei 
are, at least approximately, spherical, 
there are some that appear to deviate 
markedly from the spherical form 
(8 12.192). 


NucnEAR Spins AND MAGNETIC 
Moments 


12.72. A general discussion of nu- 
clear spins and magnetic moments, and 
the methods for their determination, 
was given at the énd of Chapter 4. 


NocrEAR Srins AND Magnetic Moments 


Nucleus I u 
in X 1.9131 
IH % 2.7929 
iH 1 0.8574 
T Xx 2.9788 
1He % —2.1275 
"B 3 1.8008 
d x 2.0885 
BF % 2.6285 
fic % 4.7563 
Ge % —0.8791 
"cd X —0.6224 
emn % 5.523 
"Xe Xx —0.7766 
Xe Mx 0.70 
MiSm % —0.80 
"Bi % 4.080 


These properties of nuclei will be taken 
up again here because they are related 
to some problems of nuclear structure. 
The so-called spin quantum numbers I 
and the magnetic moments u of a 
number of simple nuclei, and of the 
neutron, are given in the accompany- 
ing table; the moments are expressed 
in terms of the nuclear magneton de- 
fined in § 4.100. A positive sign means 
that the direction of the magnetic mo- 
ment is the same as that produced by 
arotating (or spinning) positive charge, 
whereas a negative sign means that it 
is equivalent to a es negative 
charge. 

12.73. Nuclei with even numbers of 
protons and neutrons have not been 
included in the tabulation, since they 
all have zero spins ($4.86). As J is 
zero, the magnetic moments are pre- 
sumably zero, according to equation 
(4.10). The pairing of the oppositely 
directed spins of both the protons and 
the neutrons results in a net nuclear 
Spin of zero. Odd-odd nuclei have in- 
tegral spins, whereas for odd-even and 
even-odd species the resultant spin. is 
odd half-integral. If the number of pro- 
tons is odd and the neutrons even, the 
magnetic moment is generally large 
and positive, presumably due to the 
effect of the odd proton. On the other 
hand, in nuclei with an odd number of 
neutrons and an even number of pro- 
tons, the magnetic moment is fre- 
quently smaller and, like that of the 
free neutron, has a negative sign. 

12.74. The connection between nu- 
clear spin and nuclear structure will 
be considered in $ 12.115, but in the 
meantime attention must be called to 
some values of the magnetic moment, 
given in the table. It will be noted, in 
the first place, that the proton, unlike 
the electron, does not behave as a 
simple charged particle. If the latter. 
were true, the magnetic moment would 
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be 1 nuclear magneton, but the actual 
value is much larger. The discrepancy 
has been interpreted qualitatively as 
being due to interaction of the protons 
with the positive meson field resulting 
from the emission and absorption of 
virtual mesons. This explanation is 
somewhat analogous to that used suc- 
cessfully to account for the small dis- 
crepancy in the magnetic moment of 
the electron. But the coupling of a 
meson with its field is much stronger 
than the coupling in the electromag- 
netic field of an electron (§ 12.33). 
Hence, the large difference between 
‘the observed magnetic moment of the 
proton and the theoretical value of 
1 magneton is not surprising. 

12.75. The neutron, although an 
electrically neutral particle, has a fairly 
large negative magnetic moment, so 
that it would appear to be equivalent 
to a spinning negative charge. It was 
thought at one time that there was 
evidence for a partial separation of 
charges in the neutron from electron 
scattering experiments (§ 12.65), but it 
is Not certain if this conclusion is jus- 
tified. As an alternative to a variable 
charge distribution within the neutron 
to account for the magnetic moment, 
it may be supposed that there is a 
current (or moving charge) distribu- 
tion, Although there is no doubt of the 
Magnetic moment of the neutron, its 
origin is not yet clear. 

12.76, Since the deuteron is believed 
to consist, mainly at least, of a proton 
and a neutron with parallel spins, the 
Magnetic moment should, as a first ap- 
proximation, be equal to the sum of 
the separate nucleon moments, i.e., 
2.7929 + (—1.9131) = 0.8798, com- 
‘pared with the actual value of 0.8574 
magnetons. Although the two values 
are in general agreement, there is a 
difference. This has been explained by 
the inclusion of the tensor force men- 
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tioned in § 12.24. If there is suck a 
force, then the deuteron will be repre-. | 
sented by a combination of two states | 
haying different orbital angular mo- . 
menta but the same total angular mo- — 
mentum. It has been calculated that 
the observed magnetic moment can be 
accounted for by a combination of 
about 95 percent of the state of zero 
orbital angular momentum with 5 per- 
cent of the state in which the orbital 
angular momentum is two uniis. The 
contribution of the latter state is re- 
sponsible for the small discrepancy in 
the magnetic moment of the deuteron. 


MAGNETIC QUADRUPOLE MOMENTS 


12.77. The. moments considered 
above are magnetic dipole moments, 
similar to those produced by a simple 
magnet with two poles. From studies 
of the behavior of nuclei in magnetic 
fields, and also from the fine structure 
of optical and microwave spectra, it 
appears that many nuclei also possess 
quadrupole moments, equivalent to a 
system of four magnetic poles. If the 
positive charge on a nucleus were dis- 
tributed in a completely symmetrical, 
spherical manner, the quadrupole mo- 
ment would be zero; the fact that it is 
frequently not zero means that there 
is an unsymmetrical (or distorted) 
charge distribution. A positive quad- 
rupole moment means that the charge 
distribution, instead of being spherical, 
is drawn out (or elongated) in the di- 
rection of the spin axis in the form of a 
prolate spheriod (Fig. 12.6, I), some- 
times referred to as “cigar shaped." 
On the other hand, a negative quad- 
rupole moment implies that there is a 
flattening of the spherical distribution 
about the spin axis, leading to an ob- 
late (or flattened) spheroid (Fig. 12.6, 
II). 

12.78. Negative quadrupole mo- 
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Fia. 12.6. Nucleus with positive (I) and 
negative (II) quadrupole moment. 


ments are usually small and they gen- 
erally occur with nuclei in certain mass 
number regions, as will be seen below. 
Positive values, on the other hand, are 
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found more frequently and are some- 
times quite large. In extreme cases, 
the positive quadrupole moment in- 
dicates that the nucleus is about 30 
percent longer in the direction of the 
spin axis than it is in the direction at 
right angles. Of special interest is the 
appreciable positive quadrupole mo- 
ment of the deuteron; this nucleus is 
elongated in the direction about which 
the neutron and the proton are spin- 
ning. The quadrupole moment of the 
deuteron implies the presence of the 
tensor force such as was postulated 
above to account for the magnetic mo- 
ment. The same combination of states 
with different orbital angular momenta 
can explain the observed positive quad- 
rupole moment of the deuteron. 


NUCLEAR STRUCTURE 


Tue Liquip-Drop MODEL 


12.79. Because of the difficulty in 
explaining quantitatively the forces be- 
tween nucleons, another approach to 
the problem of the atomic nucleus is to 
set up a model which will, it is hoped, 
account for the behavior of the nu- 
cleus as a whole. Several such models 
have received attention. The liquid- 
drop model will be discussed first and 
then the nuclear-shell model, repre- 
senting a diametrically opposed point 
of view. Finally, mention will be made 
of the collective and unified models 
which combine certain features of the 
other two models. 

12.80. Because the binding energies 
and volumes of atomic nuclei are ap- 
proximately proportional to the num- 
ber of constituent nucleons, indicating 
saturation character of the nucleon 
forces, the nucleus has been compared 
in its behavior to a drop of liquid 
($12.14). This analogy led N. Bohr 
in 1936 to propose the liguid-drop model 
of the nucleus, which he used as the 


basis of the compound nucleus theory 
of nuclear reactions ($ 10.36). Accord- 
ing to the liquid-drop model, each nu- 
cleon in & nucleus interacts strongly 
with adjacent nucleons, just as do the 
molecules in a drop of liquid. Hence, 
any excess energy associated with an 
individual nucleon would be very rap- 
idly shared among the other nucleons, 
The energy levels of the nucleus are 
thus regarded as quantum states of 
the nucleus (or liquid drop) as a whole, 
rather than of a single nucleon. An 
important application of the liquid- 
drop model is in connection with nu- 
clear fission, as will be seen in Chap- 
ter 13. Other achievements of the 
model, related to nuclear binding en- 
ergies and the properties of isobars, 
will now be considered. 


CALCULATION OF NUCLEAR 
BINDING ENERGIES 
12.81. The net binding energy of a 


nucleus may be regarded as being 
made up of a number of factors, some 
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of which depend upon the similarity 
of the nucleus to a drop of liquid and 
others upon forces that are concerned 
with the constituent nucleons. Since 
nuclear forces are of a short-range 
character, each nucleon will be strongly 
held by those in its immediate vicinity, 
but will be unaffected by the others. 
As a result, to a first approximation, 
there will be an attractive (or volume) 
energy, proportional to the number of 
nucleons in the nucleus; in other words, 
this energy term will vary approx- 
imately as the mass number A, so that 
it can be represented by the term aA, 
where a; is a proportionality constant. 

12.82. The value just derived for 
the energy of attraction is probably 
reasonably correct when the number 
of protons in the nucleus is equal to 
the number of neutrons. But, since 
most nuclei contain an excess of neu- 
trons, the result is somewhat of an 
overestimate. These extra neutrons are 
inevitably in higher quantum states 
than the other nucleons, and so they 
contribute a smaller amount (per neu- 
tron) to the total binding energy. Sta- 
tistical calculations lead to the conclu- 
tion that allowance for this composition 
(or asymmetry) effect, as it may be 
called, can be made by including 
in the binding energy the term 
—a,(A — 2Z)*/A, where A — 2Z is the 
neutron excess and a; is a constant.* 

12.83. As seen in $ 12.44, the long- 
range electrostatic forces due to repul- 
sion. of the protons deerease the binding 
energy by a quantity proportional to 
Z'/A'*. hence the contribution of 
these forces can be expressed by 
—02*/A!?, where a; is the propor- 
tionality constant. 

.12.84. In stating that the binding 
energy is proportional to the mass 
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number, as was done in § 12.81, it is 
tacitly assumed that every nucleon 
has the same access to other nucleons, 
Actually, those at: the surface of the 
nucleys will be less tightly bound than 
those in the interior; the binding en- 
ergy is thus reduced by an amount 
which varies as the surface area of the 
nucleus. Since the nuclear radius is 
proportional to A'?, its area is related 
to. A, and the surface effect is given 
by a term —a,4??, where a, is the 
proportionality constant in this case. 
12.85. Finally, in calculating the 
nuclear binding energy, consideration 
must be given to the influence of the 
odd or even character of the numbers 
of protons and neutrons. When these 
numbers are both even, the nuclei are 
exceptionally stable, and when they 
are both odd the system is particularly 
unstable. This may be attributed to the 
pairing, or otherwise, of nucleon spins; 
if all the spins are paired, as they 
would be in an even-even nucleus, 
there is an additional contribution to 
the binding energy, but if both a pro- 
ton and a neutron with unpaired spins 
are present, as in an odd-odd nucleus, 
there is a corresponding negative or 
repulsive effect. This may be called 
the spin (or odd-even) effect. Although 
there is no theoretical basis, it appears 
that the influence on the binding en- 
ergies of even-even or odd-odd nuclei 
can be represented with sufficient ac- 
curacy by a term -a;/A, where the 
positive sign, implying an increase in 
the binding energy, applies to the 
former type, and the negative sign, 
which results in a decrease of this en- 
ergy, is applicable to the latter type. 
Nuelei containing either an even num- 
ber of protons and an odd number of 
neutrons, or the reverse, have inter- 


* The excess number of neutrons, equal to (A — Z) — Z, i.e., to A — 2Z, is sometimes 
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mediate stability and the spin con- 
tribution is taken as zero. 

12.86. Upon adding the five terms 
derived above, it is seen that, within 
the limitations of the foregoing treat- 
ment, the binding energy (B.E.) of a 
nuclide of mass number A and atomic 
number Z is given by 


B.E. = aid — g 4 22 


A 


12.87. In order to utilize this ex- 
pression to caleulate binding energies, 
the values of the five constants must 
be known; of these, a; can be derived 


B.E. (MeV) = 15.754 — 23.7 E 


from electrostatic theory, but the other 
four are empirical and must be ob- 
tained from experimental data. By dif- 
ferentiating equation (12.4) with re- 
spect to Z, with the mass number A 
maintained constant, and setting the 
result equal to zero, the condition is 
obtained for the maximum value of 
the binding energy, and hence for the 
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numbers. Because a; is zero for an odd- 
even or àn even-odd nucleus, the two 
remaining constants a; and a, can be 
calculated from the known binding en- 
ergies of any two nuclides of this type, 
as determined from their atomic masses 
(§ 12.7). The spin-effect constant a; is 
obtained empirically from the binding 
Zt 
Zayn 
energies of even-even nuclei. Upon in- 
serting the constants derived in this 
manner, the binding energy in MeV 
can be represented by, the expression 
Zz? 130 
- 0.710 75 — 17.8A?^ + AR 
12.88. The relative effects of the 
various factors on the net binding en- 
ergy can best be seen by performing 
the calculations for nuclides of low, 
medium, and high mass number. The 
results for $9Ca, '%Sn, and "$U are 
given in the table; the estimated bind- 
ing energies are seen to be 342, 1019, 
and 1805 MeV, compared with the 


ay 
x aita m (12.41 


(12.5) 


CALCULATION or BINDING ENERGIES (MeV) 


Ca "Sn "WU 
Attraction of Nucleons............--+- +630 +1890 +3748 
Composition Effect... 0 —79 —290 
Repulsion of Protons............ eese —83 —360 —970 
Surface Effect. ....... eee —208 —433 —684 
Spin (Odd-Even) Effect. .............- +3 +1 +0.5 
Resultant Binding Energy. ..........-- 342 1019 1805 
Binding Energy per Nucleon........... 8.52 8.50 7.58 


atomic number (Z), of the most stable 
nuclide for a given mass number. In 
the differentiation, the terms involving 
@, a, and as disappear because A is 
constant. Since a is known, it is then 
possible to determine the value of a; 
giving the best fit of a mean curve for 
which the atomic numbers of the stable 
isotopes are plotted against their mass 


values 342, 1020, and 1800 MeV, re- 
spectively, derived from the atomic 
masses. Bince the calculations are not 
reliable to more than three significant 
figures, the agreement between the ob- 
served binding energies and those ob- 
tained from equation (12.5) is prob- 
ably better than expected. 

12.89. Upon examining the various 


1 S equation of this type was originally derived by C. F. von Weizsücker in Germany in 
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energy terms, it will be noted that the 
decreased binding energy per nucleon 
for elements of high atomic number, 
discussed in § 12.9, is due mainly to 
the marked increase in the electro- 
static repulsion of the protons. It is, 
consequently, also the factor largely 
responsible for the possibility of alpha- 
particle emission, since this depends 
on the decrease in binding energy of 
the nucleons, as explained earlier, and 
also for the considerable liberation of 
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third, and fifth terms on the right of 
equation (12.5) will vary, the other 
two terms remaining unchanged. As 
the atomic number Z increases, the 
second term, due to the excess neu- 
trons, becomes smaller numerically; : 
the binding energy will consequently — 
increase. The third term, arising from ^ 
electrostatic repulsion of the protons, 
increases with Z, so that its effect is ' 
in the opposite direction. Finally, the 
last (odd-even or spin) term is positive 


Fic. 12.7. Binding energies of isobaric nuclides of odd mass number. 


energy accompanying nuclear fission, 
to which reference will be made in 
$13.23. 


PROPERTIES OF IsoBARS 


12.90. Although isobars have the 
same mass number, they contain dif- 
ferent numbers of protons and neu- 

_ trons; hence, the total binding energies 
will, in general, be different, The indi- 
vidual values could be determined from 
equation (12.5), but for the present 
purpose this is not necessary. An ex- 
amination of the equation shows that, 
for a set of isobaric nuclides, i.e., hay. 
ing the same value of A, the second, 


in an even-even nucleus, negative in 
an odd-odd nucleus, and zero in all 
Others, ie. for nuclei of odd mass 
number. s 

12.91. Consider, in the first. place, 
the variation with atomic number of 
the binding energies of isobars of odd 
mass number. The odd-even (or spin) 
effect is zero throughout. Of the other 
two energy contributions, one decreases 
whereas the other increases, in mag- 
nitude, with increasing atomic num- 
ber. It follows, therefore, that the 
total binding energies (or the binding 
energy per nucleon) for a series of 
nuclides of constant (odd) mass num- 
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ber must fall on a parabola-like curve, 
such as is depicted in Fig. 12.7. For 
the sake of reality, the mass number 
is taken as 73, and the atomic numbers 
range from 30(Zn) to 34(Se); the cor- 
responding binding energies are, how- 
ever, only qualitatively correct. It 
should be noted that it is the common 
practice to plot the binding energies 
in such a manner that the bottom of 
the curve represents the most stable 
nuclide of the series, with the largest 
binding energy. 1 

12.92. It can be seen that, in gen- 
eral, there will be one isobar for which 
the energy is at (or nearest) the bot- 
tom of the curve; this will be the only 
stable member of the isobaric series, 
in accordance with the established fact 
that for any given odd mass number 
there is but one stable species. It may 
happen, in certain circumstances, that 
the binding energies of the nuclides are 
such that a pair of adjacent isobars 
with closely similar binding energies 
lie near the bottom of the curve. In 
this event both might appear stable, 
although one is really unstable unless 
the binding energies are identical. 

12.93. All isobaric nuclides whose 
binding energies are less than that of 
the stable one will lie on the two arms 
of the parabolic curve in Fig. 12.7. 
They will be unstable, and will decay 
in an appropriate manner. Those to the 
left of the stable species have lower 
atomic numbers and, hence, fewer pro- 
tons; they will consequently exhibit 
negative beta-activity, and the atomic 
number of the product will be one unit 
larger than that of the parent in each 
case. For the isobars of mass number 
73, for example, two stages of beta 
decay are known; thus, 


BZn <> Ga 5 BGe (stable). 
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12.94. Isobars which appear to the 
right of the lowest point of the bind- 
ing-energy curve (Fig. 12.7) contain 
more protons than the stable species. 
Hence, these nuclides decay by the 
emission of a positive beta-particle or 
by orbital-electron capture (or both), 
and the product has an atomic number 
one unit smaller than that of the par- 
ent. A chain of disintegrations may 
occur until finally the stable isobar is 
formed; thus, 


- BiSe Z5 As =S Ge (stable). 


12.95. Forisobarsof even mass num- 
ber the results are somewhat different 
because of the inclusion of the 'odd- 
even (spin) effect. 'The general parab- 
ola-like shape of the binding energy 
curve with increasing atomic number, 
due to the repulsive proton and excess 
neutron forces, is the same as for iso- 
bars of odd mass number. For all nu- 
clides with even numbers of protons 
and neutrons, however, the binding 
energy is increased, and for those with 
odd numbers of protons and neutrons 
it is decreased, by the last term in 
equation (12.5). The result is that the 
points representing the former are low- 
ered, whereas those indicating the lat- 
ter are raised, so that two parabolic 
curves are obtained, as shown in Fig. 
12.8. 

12.96. A number of interesting con- 
clusions, which are in agreement with 
the established facts, may be drawn 
from these curves. Since the isobars 
with odd numbers of protons and neu- 
trons lie on the upper curve, they will 
be unstable with respect to those with 
even numbers. Hence, no stable odd- 
odd nuclide should exist.* As regards 
the even-even species, it is seen that 
there are two isobars near the bottom 


* The only definite exceptions are *D, ‘Li; "B, and “N, mentioned in $ 12.50, which con- 


tain equal numbers of protons and neutrons. 
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of the lower curve whose atomic num- 
bers differ by two units. These con- 
stitute the stable isobaric pairs, of 
which several are known, containing 
even numbers of protons and neutrons. 
It is uncertain if radioactive transitions 
involving the simultaneous emission of 
two beta particles occur (§ 8.67); hence 
both nuclides may be stable, although 
one may have a greater binding energy 
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beta-decay. It was stated in § 10.133 
that a few artificial radionuclides are 
known which decay in this dual man- 
ner; they invariably contain odd num- 
bers of protons and neutrons, and lie 
between two stable isobars, each of 
which is of the even-even type. But in 
several instances these intermediate 
odd-odd species emit either positivet 
or negative beta-particles, but not 
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Fi. 12.8. Binding energies of isobaric nuclides of even mass number. 


than the other, and hence be the more 
stable of the pair. 

12.97. As is the case in Fig. 12.7, 
nuclides to the left of the stable spe- 
cies decay by negative beta-emission, 
whereas those to the right either eject 
a positive beta-particle or capture an 
orbital electron. The isobar at the bot- 
tom of the upper curve is in the unique 
position of being between two stable 
nuclei;* hence, it should be capable of 
exhibiting both positivet and negative 


both. Evidently, one type of decay 
takes place preferentially either be- 
cause this leads to the more stable of 
the two possible products, or because 
the other transition is “forbidden.” 
12.98. Although specific elements 
have been indicated in Figs. 12.7 and 
12.8, the foregoing discussion applies 
quite generally, with a few exceptions, 
to all isobaric series other than those 
of the lowest and highest mass num- 
bers. In some cases, several members 


* Species of this kind are referred to as shielded nuclides ($ 13.104) or shielded nuclei. 
T Orbital-electron capture may occur alternatively or simultaneously. 


Chap. 12 l 


Nuclear Forces and Nuclear Structure 463 


of a series have been identified, but 
in others only a few are yet known. 
It is consequently possible to predict 
the properties of hitherto undiscovered 
radionuclides. In this connection, a 
simple relationship between the half- 
life of a particular species and its posi- 
tion on the binding-energy curve is cf 
special interest. For isobars of odd 
mass number, the instability is greater, 
and hence the half-life should be 
shorfer, the larger the difference of 
binding energy between the given nu- 
clide and the stable member of the 
series, In a chain of beta disintegra- 
tions, the half-life should increase more 
or less regularly as stability is ap- 
proached, as may be illustrated by the 
following example: 


2.4 min 2 min 21 hr 
disp 7775 gre 275 gg As 


Another possible member of this series, 
preceding Sb, is “Sn; it has been 
described as a beta emitter of “very 
short" half-life, but its existence is not 
completely certain. 

12.99. An analogous effect occurs 
with isobars of even mass number, but 
the regularity is observed only if the 
even-even and odd-odd members are 
taken separately; thus, 


radionuclides, reference may be made, 
in passing, to the mirror nuclei men- 
tioned earlier. Each parent contains 
one proton in excess of the number of 
neutrons, and the instability can be 
accounted for by the electrostatic re- 
pulsion of the protons (§ 12.18). With 
increasing atomic number this repul- 
sion increases, so that there is an in- 
creasing degree of instability reflected 
in the progressively greater energies 
of the emitted positive beta-particles 
and the shorter half-lives (§ 8.78). 


Missine ELEMENTS 


12.101. Chemists have long been in- 
terested in the problem of the occur- 
rence in nature of the element of 
atomic numbers 43 and 61. Claims 


"Xe 73255 1808 (stable). 

have been made from time to time to 
the discovery of these elements on 
earth, but none of these claims has 
been definitely substantiated.* The sit- 
uation is, then, that although it is not 
possible to state categorically that 
there are stable forms of these ele- 
ments, it equally cannot be affirmed 
that they do not exist.. Nevertheless, 
some significant conclusions may be 


128d 149, 


16 sec 
Xe ——9 480s > "Ba ——> La 1551? 'iiCe (stable). 


Since this is a series of even mass 
number, two stable isobars might be 
expected, the second, differing from 
189Ce by two units of atomic number, 
being '$jNd. However, the latter is 
unstable, presumably because its neu- 
tron-to-proton ratio lies just outside 
the stability range. 

12.100. While considering the sub- 
ject of the life periods of beta-emitting 


40.2 hr 


reached on this problem in the light 
of the discussion of the preceding para- 
graphs. Since element-43 has an odd 
atomic number, it can have, at most, 
two stable isotopic forms. The neigh- 
boring elements of the same type, 
namely, niobium and rhodium, exist 
naturally only as the single stable spe- 
cies Nb and "Rh, respectively. It 
would appear, therefore, that 97 and 99 


* As stated in § 10.118, radioactive forms of both these elements are now known (see Chap- 
ter 16). There is evidence that element-43, called technetium (§ 16.101), is present in certain 
red giant stars of spectral class S. It is presumably being created in these stars (or has been 


created recently). 
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are the only reasonable mass numbers 

_ “for possible stable forms of element-43. 
The same conclusion can be reached 
by means of detailed calculations of 
the binding energies using equation 
(12.5). 

|... 12.102. An examination of the table 

. of isotopes (§ 6.47) shows that the ele- 
ments molybdenum and ruthenium ex- 
ist in the stable forms $3Mo and Ru. 
Since adjacent elements rarely have 
stable isobars, it is very improbable 
that element-43 can have stable nu- 
clides with these mass numbers. As a 
matter of fact, both of these isotopes 
of element-43 have been obtained arti- 
ficially in various ways and have been 
found to be radioactive, as are all 
known nuclides of atomic number 43. 
The three most stable isotopes have 
mass numbers of 97 (half-life 2.6 x 
10 years), 98 (half-life 1.5 X 105 years), 
and 99 (half-life 2.1 X 105 years). It is 
doubtful that any of these exist on 
earth in more than the merest, prob- 
ably undetectable, traces. 

12.103. A consideration of the sta- 
ble forms of praseodymium (atomic 
number 59) and of europium (atomic 
number 63), or a calculation of the 
binding energies, suggests that the 
most stable nuclides of element-61 
should be those with mass numbers 
145 and 147. The existence of the sta- 
ble isobars '$$Nd and 'fSm of the 
adjacent elements neodymium and sa- 
marium,* respectively, shows that 
these forms of element-61 may be ex- 
pected to be unstable. The isotope of 
mass number 145 has a half-life of 
18 years ($ 16.112) and that of mass 
number 147 is 2.65 years. Several other 
isotopes of this element, ranging in 
mass numbers from 141 to 153, are 


* The nuclide Sm, which occurs in nature 
of yor long halite” va 
e term “magic numbers" appears 

sen, and H. E. Suess in 1949; later 
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to have been used first by O. H: 
J. H. D. Jensen used the expression “ 
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all TCU 
known,'but they all have even shorter — 
half-lives. If is safe to predict, there- . 
fore, that element-61 will not be de- 
tected on earth. 


Tue NucLEAR-SHELL MopEr: 
Magic NUMBERS 


12.104. The nuclear-shell model dif- 
fers from the liquid-drop model in the 
respect that the former postulates a 
more-or-less independent behavior of 
the nucleons in the nucleus. Conse- 
quently, this model is sometimes re- 
ferred to as the independent-particle 
model. It is based on the realization 
that there are specific numbers of pro- 
tons and neutrons, generally referred 
to as magic numbers or shell numbers,t 
for which the nuclei exhibit exceptional 
stability, just as do atoms containing 
certain numbers of closed shells of elec- 
trons (§ 4.67). In 1932, soon after the 
discovery of the neutron and the sug- 
gestion that nuclei were made up of 
neutrons and protons, the American 
physicist T. H. Bartlett indicated the 
possibility that the nucleons might oc- 
cupy quantum groups or shells, just as 
do the extranuclear electrons in atoms. 
This idea was developed by W. Elsasser 
in France and by K. Guggenheimer in 
Germany during 1933 and 1934. Subse- 
quently, in 1937, the German scientists 
T. Schmidt and H. Schüler, independ- 
ently, showed that the concept of nu- 
clear shells could, be fairly well corre- 
lated in a simple manner with the 
known magnetic moments of nuclei. 

12.105. With the success of Bohr's 
concept of the compound nucleus, and 
of the liquid-drop model to which it 
was related, the nuclear-shell picture 
was generally neglected. Apart from 
its persistent advocacy by W. D. 


, is not strictly stable since it is an alpha-emitter 


axel, J. H. D. Jen- 
shell numbers." 


" 
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Harkins, the model, attracted little 
interest until 1948, when*(Mrs.) M. G. 
Mayer, in the United States, brought 
together a considerable amount of con- 
vincing evidence showing the reality 
of the so-ealled magie numbers of nu- 
cleons, namely, 2, 8, 20, 50, 82, and 
126, which apparently represent closed 
Shells in the nucleus. Some of the main 
aspects of this evidence will be re- 
viewed here. 

12.106. It will be seen from Fig. 
12.4 that the elements having the larg- 
est numbers of stable isotopes are those 
containing 20 and 50 protons or 20, 
50, and 82 neutrons. For example, tin, 
with an atomic number of 50, has ten 
isotopes; this element is also unique 
in the respect that it has three stable 
isotopes of odd mass number, i.e., 115, 
117, and 119. It is noteworthy, too, 


that the nuclides which are more abun- . 


dant in the universe than others in the 
same mass number regions are !$O, 
Ca, Sr, BY, Zr, '38Sn, Ba, '87La, 
'S8Ce, and ?2 208 Pb. These nuclei all con- 
tain magic nux of either neutrons 
or protons (or both). 

12.107. The stability of nuclides 
containing magic numbers of neutrons 
is shown by their small cross sections 
for neutron capture. For 1-MeV neu- 
trons, the cross sections are much 
lower than the average values in the 
same region, when the neutron num- 
bers are 50, 82, or 126. Similarly, for 
thermal neutrons, exceptionally low 
cross sections for the (n,y) reaction 
are observed when the nuclei contain 
20, 50, 82, or 126 neutrons. Another 
aspect of this reluctance to increase 
the number of neutrons above the 
magic numbers is the unusual prop- 
erty of the emission of peutrons by 
the excited nuclides 130, %Kr, and 
"Xe (§ 10.162 el seq.). Each of these 
species has one neutron in excess of a 
magic number. 
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12.108. In the emission of alpha , 
particles by radioactive decay of the 
heaviest nuclides, it is found that the 
energy change, as indicated by the 
alpha-particle energy, is exceptionally 
large when the decay product (or 
daughter nuclide) is in the magie num- 
ber category. A corollary to this is the 
fact that the alpha-particle energies 
are exceptionally low when the parent 
is a magic number nuclide. It is sig- 
nificant, too, that the end-produets of 
the four radioactive series described 
in Chapter 5 are *9$Pb, 783Pb, "Pb, and 
298i. 

12.109, Among other phenomena 
which can be correlated with the spe- 
cial stability of magic number nuclides 
are the following: the high binding 
energy of the last neutron in such 
nuclides; the departure of the total 
binding energy determined from the 
atomic mass from that calculated by 
equation (12.5), which makes no allow- 
ance for the special stability of closed 
shells; the occurrence of alpha-particle 
emission among the isotopes of certain 
elements of medium mass number 
(§ 10.135); the nonexistence of stable 
isotopes of elements-43 and -61; and 
the variation of quadrupole moment 
with the numbers of neutrons and pro- 
tons. 

12.110. It will be apparent from the 
foregoing statements that the behavior 
of atomic nuclei is frequently deter- 
mined by the excess or deficiency of 
nucleons with respect to closed shells 
of magic numbers, just as the chemical 
and spectral properties of atoms are 
dependent upon an excess or deficiency 
of electrons. The quantum numbers n, 
l, and m for electrons and their permis- 
sible values, which determine the ar- 
rangement of the extranuclear electrons 
in an atom, can be derived from wave 
mechanics (§ 4.57). In this treatment 
it is assumed that each electron is 
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. largely independent of the others, ex- 
cept that it moves in an electrostatic 
(or Coulomb) potential field due to the 
nucleus and all the other electrons. It 
seemed reasonable, therefore, to at- 
tempt to calculate in an analogous 
manner the numbers of nucleons form- 
ing closed shells in a nucleus. 

12.111. In the shell model of the 
nucleus it is postulated that each nu- 
cleon is essentially independent of the 
others, except that the latter provide 
the potential-energy field which de- 
termines the quantum states of the 
individual nucleons and, hence, the 
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io the center of the nucleus. When 
mathematical expressions representing 
these potentials were inserted into the 
wave-mechanies (Schródinger) equa- 
tion, the solutions indicated closed 
shells of nucleons, as expected. But, 
except for the first three numbers, 
namely, 2, 8, and 20, in such shells, 
the values differed from those given | 
earlier as suggested by the actual be- 
havior of nuclei. 

12.112. A way out of this difficulty, ` 
which proved to be remarkably suc- ] 
cessful, was proposed independently | 
in 1949 by (Mrs) M. G. Mayer in 
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Fre. 12.9. Coupling of orbital and spin angular momenta of a nucleon. 


numbers in closed shells. It is for this 
reason that the description of inde- 
pendent-particle model ($12.104) is 
commonly. applied to the shell model. 
The potential field of the nucleons is, 
of course, completely different from 
the electrostatic field to. which elec- 
trons are subjected, and two types of 
nuclear fields are of interest. In the 
first, the potential is assumed to be of 
the “‘square-well” form in which a nu- 
cleon experiences no interaction until 
it reaches a certain distance from the 
center of the nucleus; then the full 
effect of the potential field is experi- 
enced. The second potential is of the 
harmonic-oscillator type, in which the 
effect is more gradual as the nucleon 
under consideration approaches closer 


the United States and by O. Haxel, 
J. H. D. Jensen, and H. E. Suess in | 
Germany. In order to account for the 
arrangement of the extranuclear (or- | 
bital) electrons in atoms, it is usually 
necessary to postulate that the orbital 
angular momenta of all the electrons 
couple together, as also do the spins, | 
independently. This type of coupling, 
however, cannot account for the magic 1 
numbers in nuclei, The important con- 
tribution made by the scientists named 


above was to show that the observa- | 


tions could be explained by assuming — 
strong coupling between the orbital ` 
and spin angular momenta of each 
individual nucleon; this is referred to as 
spin-orbit coupling. The actual magic 
numbers of closed nucleon shells were 
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derived by adding a term which al- 
lowed for the spin-orbit coupling effect 
to the expression for the ordinary po- 
tential of the nucleon field; for the 
latter, a compromise between a square- 
well and harmonic oscillator potentials 
was found to be best. 

12.113. As a result of the spin-orbit 
coupling, the nucleon energy level for 
a given value J of the orbital quantum 
number (except | = 0) is split into 
two sublevels, characterized by total 
angular momentum quantum num- 
bers j equal to 1+ 4% and 1 — \, 
corresponding to spin components of 
+14 and — \, respectively. This situa- 
tion is illustrated in Fig. 12.9. Each 
of these sublevels can accommodate 
2j +1 neutrons and 2j + 1 protons. 
As the levels are gradually filled, the 
l + 1% levels are first occupied and 
then the 1 — 14 levels. It appears that 
the energy difference between the l + 
14 and | — 3⁄4 levels, for a given value 
of J, is quite large and increases with l. 
Consequently, when l is 4 or more, 
the energy separation is so great that 
nucleons occupying the 1 — V level 
are actually in a different shell from 
those in the 1+ 3⁄4 level, as will be 
seen below. 

12.114. The results of including the 
spin-orbit coupling effect in the poten- 
tial are shown in the accompanying 
table. The first column gives the radial 
quantum number, which may be re- 
garded as the equivalent of the prin- 
cipal quantum number in the electro- 
static potential field (§ 4.51). The or- 
bital quantum numbers l are in the 
next column, and this is followed by 
one giving the corresponding total an- 
gular momentum quantum numbers 
j= l+ 14 orl — 1⁄4. The total num- 
ber (2j -- 1) of neutrons or protons 
` for each j value is indicated by a 
superscript; for example, (2)! means 
that there are four nucleons with j — 
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36. The horizontal lines show places 
where there is a marked change in 
the binding energy, so that completed 
nuclear shells are implied. The fourth 
column then gives the total numbers 
of neutrons or protons required to com- 
plete the shells; these are seen to coin- 
cide with the magic numbers. 


Finuine or NUCLEON SHELLS 


Y Total 
Orbital Total Number 
Radial | Quantum Angular (Neutrons 


Quantum Number Momentum or 


Number (0) G) Protons) 
1 0 (4)* 2 
1 1 — 09s 09? 8 
1 2 y 
2 0 Q6 
1 2 [OR 20 
1 3 (A)* 

2 1 (34)* 

1 3 [OR 

2 1 [LOU 

1 4 (9  - 50 
1 4 Cot 

2 2 (09*, QO* 

3 0 (4) 

1 5 (34) 82 
1 5 (94) 

2 3 (y, (4 

3 1 G8, (A)? 

1 6 (3) 126 


12.115. One of the consequences of 
the independent particle concept is 
that, in the ground state, the spin of 
a nucleus with odd mass number 
should depend only on the odd nu- 
cleon. This expectation is in general 
agreement with observation. Provided 
the spin of the nucleus is equal to or 
less than % in the ground state, it is 
equal to the 7 value of the odd nu- 
cleon or to that of the vacant sub- 
level (or hole) near the completion of 
a shell. As an example, consider the 
nuclide 448In; the nuclear spin is found 


D 
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to be %, which is the j value for the 
hole that would be occupied by the 
50th proton. The isotope "In has the 
same spin, as also does $Sr, which has 
49 neutrons. The nuclide Sb has 
one proton beyond the closed shell of 
50, and its spin is 75, as expected, and 
the same is true for 4Zr with 51 neu- 
trons. In *$iSb, however, the odd pro- 
ton prefers the next sublevel for which 
j is %, for this is the observed spin. 
12.116. There are a number of other 
instances, wherein the sublevels are 
not filled exactly in the order indi- 
cated in the table. But this is not un- 
expected, as there are various factors 
which can affect the energies (cf. 
§ 12.126). When j is greater than %, 
such a spin does not appear in the 
ground state of the nucleus. Thus, 
when spins of 134 or 1% (and sometimes 
%) are expected, the values are gener- 
ally }4 or %, indicating an inversion 
of the normal order of filling the nu- 
cleon sublevels. There is invariably an 
excited state, however, in which the 
higher spins appear. An interesting 
case in point is that of the seven odd- 
mass-number isotopes of tellurium with 
69, 71, 73, 75, 77, 79, and 81 neutrons, 
respectively. For the last six of these, 
at least, a nuclear spin of 14 is to be 
expected, but the observed values are 
3 and %. But, in all cases, there is an 
excited state with a nuclear spin of 134. 
12.117. It is just this kind of situa- 
tion which accounts for the three 
islands of isomerism’ referred to in 
$ 10.160. These occur when the num- 
bers of neutrons or protons are some- 
what less than the closed shell values 
of 50, 82, and 126. In the first of these 
instances, the nuclear spin in the 
ground states should be %, and either 
%4 or 36 in the first excited states (or 
the reverse). In the other two cases, 
the ground state spins are 14 or 2, 
` * Nuclei with spin quantum numbers of zero oi 
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and in the excited state 134 or 13. 
There is in all these nuclides a differ- 
ence of at least three units of spin be- 
tween ground and excited states, so 
that nuclear isomerism is not unex- 
pected ($ 10.159). 

12.118. The shell model also pro- | 
vides a qualitative, but not quantita- ' 
tive, interpretation of the observed [ 
nuclear magnetic moments, by relat- 
ing this property to the j value of the 
odd proton. A point of special interest, 
in harmony with the model, is that 
certain groups of two or three isotopes 
of odd atomic number and odd mass 
number have identical spins and closely ' 
similar magnetic moments, e.g., “Ag | 
and Ag; !In and Hifp; Cs, Cg, 
and "Cs; and T] and T]. It is 
evident that the two additional neu- 
trons do not affect the behavior of the 
odd proton, which is responsible for 
the spin and the magnetic moment. 
This may be regarded as a strong argu- 
ment for the independent-particle 
model of the nucleus, 

12.119, Although there are several 
other aspects of the model which are 
of interest, mention will be made of 
only one more, namely, the relation- 
ship between magic numbers and 
quadrupole moments, The quadrupole 
moment is a measure of the deviation 
of the charge distribution in a nucleus 
from: the spherical form (§ 12.77). Ac- 
cording to the independent-particle 
model, nuclei with closed shells of nu- 
cleons should have a spherically sym- 
metric distribution of charge and, 
consequently, a quadrupole moment 
of zero. Observations show that such 
is indeed the case. For nuclei just be- 
yond the closed shells, the quadrupole 
moment is negative, indicating a dis- 
tortion like that in Fig. 12.6, IT, which — 
is not surprising.* With increasing 
numbers of nucleons outside closed 
T 34 cannot have quadrupole moments. 
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shells the negative value of the quad- 
rupole moment increases at first and 
then decreases. Ultimately the moment 
becomes positive and reaches a maxi- 
mum roughly midway between closed 
shells, after which it decreases again. 
Evidently the charge distribution in 
the nucleus changes its shape and be- 
comes like that in Fig. 12.6, I in be- 
tween closed shell nucleon numbers. 
12,120. The foregoing results can be 
correlated with the independent-parti- 
cle model of the nucleus, but there are 
two significant situations in which the 
model fails. First, the quadrupole mo- 
ment associated with an odd neutron 
is not very different from that caused 
by an odd proton. The shell model, 
however, predicts that a proton would 
produce a greater distortion in the 
spherical charge distribution and yield 
a larger quadrupole moment. Second, 
the positive moments for nuclei with 
nucleons between closed shells, espe- 
cially those with mass numbers from 
about 150 to 190, having numbers of 
protons between 50 and 82 and neu- 
trons between 82 and 126, are very 
much larger than derived from the 
independent-particle model. 


Tue COLLECTIVE AND UNIFIED 
Mop&rs 


12.121. The caleulation of quadru- 
pole moments on the basis of the shell 
model involved the assumption. that 
the so-called nuclear “core,” consisting 
of all the nucleons other than the odd 
one, was spherical. It was pointed out 
by the American: physicist J. Rain- 
water, in 1950, that it is probable that 
the odd nucleon would distort the core, 
and this would make an additional con- 
tribution to the quadrupole moment. 

` Further, such distortion could be due 
to an odd neutron as well as to an odd 
proton; hence appreciable quadrupole 
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moments would be expected in nuclides 
of both types, as is actually the case. 

12.122. The idea of the nonspherical 
(or deformed) nuclear core has been 
developed since 1951 by A. Bohr, son 
of the famous Niels Bohr, in collabora- 
tion with B. Mottelson, in Denmark 
into the collective model of the nucleus, 
This model differs in a fundamental’ 
respect.from the independent-particle 
model by postulating & mutual inter- 
action between the nucleons. As a re- 
sult of the collective (or cooperative) 
action among the particles, the nucleus 
behaves like a drop of liquid and may 
suffer permanent deformation. Such 
deformation is not stationary, how- 
ever, and it can travel around the nu- 
cleus producing motions which are 
equivalent to oscillations and rotations 
of the nucleus as a whole. These mo- 
tions are regarded as occurring with 
appropriate nuclei having both even 
and odd mass numbers, that is to say, 
irrespective of whether they have odd 
nucleons or not. 

12.123. By taking into consideration 
the mutual interactions of the dis- 
torted nuclear core and the odd nu- 
cleon, in nuclei of odd mass number, 
it is possible to improve the calculation 
of quadrupole moments: Near closed 
shells, where the deformation is rela- 
tively small, the results are not very 
different from those given by the inde- 
pendent-particle model when the odd 
nucleon is a proton. The collective 
model, however, requires a similar dis- 
tortion of the core, and an associated 
quadrupole moment, when the odd 
particle is a neutron. Furthermore, 
when the numbers of nucleons are in 
between the values for closed shells, 
the collective model can account for 
the quadrupole moments (and defor- 
mations) being very much larger than 
expected from the independent-particle 
model, 
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12.124. Although the collective 
model ‘has been able to account for 
quadrupole moments, its main achieve- 
ment lies in another connection. It is 
known that, in many nuclei of mod- 
erate and high (odd or even) mass 
number, the excited states of low en- 
ergy, €g., a few tenths of an MeV or 
less, are not due to the excitation of an 
individual nucleon, as required by the 
simple shell theory, but rather of the 
nucleus as a whole. According to the col- 
lective model, certain motions of the 
deformed nucleus are, as mentioned 
above, like a rotation of a deformation 
wave about the nucleus. The nucleus 
does not necessarily rotate, but the 
effect is similar to a nuclear rotation. 
The problem can then be treated by 
quantum-theory methods long used in 
the study of the rotation of certain 
molecules. As a result, it is possible to 
calculate the energies corresponding to 
various integral values of the nuclear 
rotational quantum number. The agree- 
ment with the observed excitation en- 
ergies, usually fractions of a million 
electron volts, is very striking. 

12.125. The interpretation of rota- 
tional energy levels by the collective 
model has been particularly successful 
for nuclei with even mass numbers 
from 150 to 190 (and over 220) which 
lie between closed nucleon shells. For 
such nuclei the deformation is large 
and the energy separation between the 
nuclear rotational (collective) levels is 
relatively small (Fig. 12.10). For nuclei 
with numbers of nucleons near to 
closed shells, the deformation from the 
spherical form is small and the energy 
spacing of the rotational levels is con- 
sequently large. These levels cannot 
then be excited separately from the 
single-particle (or intrinsic) states in 
the MeV region. In such nuclei, how- 
ever, the oscillatory (or vibrational) 
motion becomes significant and collec- 
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tive energy levels have been observed © 
which correspond to the quantization ' 
of the nuclear vibrational. energy 
Moreover, there is evidence in some | 
instances of the superposition of vibra- 
tional and rotational nuclear energy : 
States, such as is commonly observed 
with molecules. 


SPIN AND 
PARITY ENERGY(MeV) 
Che 0,514 
6t 0.304 
4t 0.146 
zr 0.044 
ot o 


Fic. 12.10. Rotational energy levels of 
the plutonium-238 nucleus; the theoretical 
ratios of the energies should be 1:3.3:7:12, 
whereas the actual ratios are 1:3.3:7:11.7. | 


12.126. In reviewing the situation - 
concerning nuclear models, it appears ^ 
that there is evidence for independent- _ 
particle behavior, leading to the exist- 
ence of nucleon shells, on the one hand, 
and of collective motion of the nu- . 
cleons, on the other hand. The unified 
model of the nucleus is an attempt to 
combine the desirable features of both - 
concepts. In the independent-particle 
model, the potential-energy field in 
which the particle moves is assumed 
to have spherical symmetry, i.e. it 
has essentially no distortion from the 
spherical form. The collective model, 
however, is based on the occurrence 


Nuclear Forces and Nuclear Structure 


of considerable distortions in certain 
circumstances. The postulate of the 
unified model, as originally developed 
by S. G. Nilsson in Denmark in 1955, 
is that individual nucleons move in a 
potential field that can be deformed, 
especially in the regions between closed 
shells. As a result of this distortion of 
the potential, the order of filling of the 
nucleon quantum states is often differ- 
ent from that required by the inde- 
pendent-particle model. Furthermore, 
other quantum numbers, in addition 
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to those given in § 12.114, have been 
introduced to describe the various en- 
ergy states, known as Nilsson states. 
In this manner, it has been possible 
to reconcile successfully many different 
aspects of nuclear behavior, including 
magic numbers, nuclear spins, quad- 
rupole moments, low-energy excited 
states, and others. There is even jus- 
tification for using the simple liquid- 
drop model of the nucleus in some 
situations, e.g., compound nucleus for- 
mation and fission. 
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Chapter 13 


THE PHENOMENA OF FISSION 


Tue Discovery or NUCLEAR 
Fission 


13.1. In their publie statements 
made prior to 1939, scientists, both 
in Ameriéa and in Europe, had not 
been too sanguine concerning the pros- 
pects for the practical utilization of 
atomie energy within the foreseeable 
future. Then came the discovery of 
nuclear fission ($10.82), a process 
attended with the liberation of large 
amounts of energy, and the picture 
changed almost overnight. It should 
be clearly understood, however, that 
fission alone, although of considerable 
scientific interest, would not have pro- 
vided an adequate solution to the 
problem of the release of nuclear en- 
ergy. The important point to remem- 
ber is that fission, which is initiated 
by neutrons, is also accompanied by 
the. emission of neutrons. Conse- 
quently, it is possible for the process, 
like a fire, to be self-sustaining, and 
for energy to be generated continu- 
ously, while the fuel is accessible. 

13.2. In the course of their systém- 
atic investigation of the nuclear reac- 
tions produced by neutrons, E. Fermi 
and his associates (§ 11.46) réported 
in 1934 that when uranium was bom- 
barded with slow neutrons, at least 
four different beta activities, distin- 


guished by their half-lives, could be 
detected. One of these was presumably 
due to the *8{U isotope of uranium, 
which does not occur naturally, pro- 
duced by the (n,y) reaction with the 
common isotope *?99U. As a result of 
its beta decay, *§3U should yield a 
new element of atomic number 93 and 
mass number 239; this could also well 
be a beta emitter, decaying to give an 
element of atomic number 94. It thus 
appeared that the several activities 
resulted from a series of unstable ele- 
ments, with atomic numbers 93, 94, and 
possibly higher, which were referred to 
by the general name of transuranium 
elements. 

13.3. The prospect of identifying 
these new elements, lying beyond ura- 
nium in the periodie system, naturally 
attracted the interest of many scien- 


tists, among them being such highly . 


experienced radiochemists as O. Hahn 
and (Frl) L. Meitner (88.43) in 
Berlin, and (Mme.) I. Joliot-Curie 
(8 10.114) in Paris, together with vari- 
ous collaborators. The general proce- 
dure employed in their investigations 
was based on the carrier technique 
($5.29), the object of which was to 
separate the invisible amounts of each 
new element together with a stable 


| element whose chemical properties 
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were well known. There is little pur- 
pose in describing in detail the con- 
fusing and perplexing results obtained, 
as their first interpretation has proved 
erroneous. Nevertheless, certain as- 
pects are of special interest, for they 
led ultimately to the correct explana- 
tion of the bewildering observations. 

13.4. In 1938, O. Hahn and F. Strass- 
mann described experiments made with 
barium as a carrier, and found that 
three different activities—later a fourth 
was added—resulting from the bom- 
bardment of uranium by neutrons, 
were precipitated with the barium. In 
view of the similarity of this element 
to radium (§ 5.7), it was concluded 
that the activities were due to new 
isotopes of radium, although the for- 
mation of radium (atomic number 88) 
from uranium would require the simul- 
taneous emission of two alpha parti- 
cles, for which there was no evidence. 
Apparent confirmation of this view 
came from the fact that, after the 
so-called radium isotopes were per- 
mitted to decay, the products were 
precipitated together with lanthanum, 
acting as a carrier, as would be ex- 
pected for isotopes of actinium (atomic 
number 89).* 

13.5. About the same time, Mme. 
Joliot-Curie and P. Savitch were mak- 
ing a detailed examination of a par- 
ticular product, with a 3.5-hr half-life, 
which they referred to as R 3.5 hr, 
obtained by the action of neutrons on 
uranium. Hahn considered this to be 
an isotope of actinium, because it 
could be separated with lanthanum, 
but Curie and Savitch found that in 
the fractional precipitation of the 
oxalates from a nitric acid solution 
containing the R 3.5 hr, the latter con- 
centrated with the lanthanum rather 
than with the actinium. Obviously, 
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the substance could not be an isotope 
of actinium, and Curie and Saviteh 
concluded that “on the whole the 
properties of R 3.5 hr are those of 
lanthanum." But the presence of an 
impurity misled them into thinking 
that the activity could be separated 
from lanthanum, whereas later events 
were to prove that no such separation 
is possible. 

13.6. Nevertheless, the proof that. 
the 3.5-hr activity was not due to an 1 
isotope of actinium completely upset 
the Hahn and Strassmann scheme. The 
Canadian radiochemist L. G. Cook, 
who was in Berlin in September 1938, 
when the report of the work of Curie 
and Savitch was published, describes 
the events of the time in the following 
words: “You can readily imagine 
Hahn’s astonishment. I well recall the 
day he received the paper. His reaction 
was that it just could not be, and that 
Curie and Savitch were very muddled 
up. However, he drew the obvious con- 
clusion that if the so-called actinium’ 
turned out to be lanthanum, then its 
mother, [the] so-called radium, must 
be really barium.” 

13.7. Consequently, Hahn, in con- 
junction with Strassmann, set out to 
see if the activity which had been 
ascribed to a radium isotope was actu“ 
ally due to such an isotope or whether 
it could be attributed to a form of: 
barium. To their surprise they found 
that the active species was insepara- 
ble from barium, although it could be 
separated from radiothorium, a known 
isotope of radium. Reporting on their. 
work, early in January 1939, Hahn 
and Strassmann wrote: *We have 
come to this conclusion: our ‘radium 
isotopes’ have the properties of barium . 
. . . [and] we must really state that 
in the new substances we are not 


* The chemistry of actinium is similar to that of lanthanum (cf. § 1.49). 
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dealing with radium but with barium.” 
Because of the unexpected nature of 
this result, however, they were reluc- 
tant to commit themselves definitely. 
“As chemists,” they said, “we should 
replace the symbols Ra, Ac and Th 
. . . in [our] scheme . . . by Ba, La 
and .Ce ... [although] as nuclear 
chemists, closely associated with phys- 
ies, we cannot decide to take this step 
in contradiction to all previous experi- 
ence in nuclear physics.” 

13.8. It appears, however, that Hahn 
and Strassmann were preparing their 
minds for the final plunge. They had 
previously found that one of the sup- 
posed transuranium elements was simi- 
lar to rhenium, and they assumed it 
to be a higher homologue. But when 
their supposed radium proved, appar- 
ently, to be barium, it seemed possible 
that the product related to rhenium 
might be a lower homologue, the ele- 
ment of atomic number 43, which was 
at one time called masurium, symbol 
Ma. Hahn and Strassmann pointed 
out that “the sum of the mass num- 
bers Ba + Ma, thus, for example, 
138 + 101, gives 239," which is the 
sum of the masses of a uranium-238 
atom and a neutron. It would appear, 
therefore, that they were on the point 
of suggesting that the neutron caused 
the uranium nucleus to break up into 
two portions of somewhat similar 
mass, a type of nuclear reaction not 
previously encountered. 

13.9. As a matter of fact, this possi- 
bility had been considered some five 
years earlier, but Hahn was either not 
aware of it, or else he, like others, did 
not take it seriously. Soon after the 
publication in 1934 of the claim by 
Fermi and his associates to have identi- 
fied the transuranium elements, (Frau) 
Ida (Tacke) Noddack, a German 
Woman chemist, who, some ten years 
earlier, had collaborated with her 
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husband in the discovery of the ele- 
ment rhenium, wrote a paper entitled 
On the Element 93 in which she criti- 
cized the conclusions of the Italian 
scientists. It is not intended to refer 
to these criticisms here, but it is of in- 
terest to quote from Ida Noddack’s 
general discussion of the unusual re- 
action of neutrons with uranium. “One 
may equally well accept,” she said, 
“that in this new type of nuclear dis- 
integration brought about by neutrons, 
important nuclear reactions take place 
other than those hitherto observed by 
the action of protons and alpha rays 
on atomic nuclei. It is conceivable that 
in the bombardment of heavy nuclei 
with neutrons, these nuclei break up 
into several large fragments which are 
actually isotopes of known elements, 
but are not neighbors of the irradiated 
elements." 

13.10. It was left to (Frl.) L. Meitner 
(8 13.3), then living in Sweden, and her 
nephew, O. R. Frisch, who was work- 
ing in Bohr's laboratory in Copen- 
hagen, Denmark, to suggest what 
proved to be the correct interpretation 
of the results described above, and 
thus to provide the explanation of the 
complex phenomena associated with 
the interaction between neutrons and 
uranium. In a letter dated January 
16, 1939, and published in the English 
scientific magazine Nature, Meitner 
and Frisch wrote: “At first sight, this 
result [obtained by Hahn and Strass- 
mann] seems very hard to understand. 
The formation of elements much 
below uranium has been considered 
before but always rejected by physical 
reasons, so long as the chemical evi- 
dence was not entirely clear cut. The 
emission, within a short time, of a large 
number of charged particles may be 
regarded as excluded by the small 
penetrability of the Coulomb barrier. 
. . . On the basis, however, of present 
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ideas about the behaviour of heavy 
nuclei, an entirely different and essen- 
tially classical picture of these new dis- 
integration processes suggests itself. 
. . . It seems possible that the uranium 
nucleus has only small stability of 
form, and may after neutron capture, 
-~ divide itself into two nuclei of roughly 
equal size." 

13.11. This process of division of a 
heavy nucleus into two approximately 
equal parts was called fission.* Conse- 
quently, if a uranium nucleus suffered 
fission as a result of interaction with a 
neutron, the presence of lighter ele- 
ments, such as barium and lanthanum, 
among the products could be explained. 
Further, Meitner and Frisch indicated 
that, because of their exceptionally 
high neutron-to-proton ratio, the fission 
fragments should be unstable, under- 
going a chain of beta disintegrations. 
It was the half-life periods of the 
members of these decay chains that 
. had, been erroneously attributed to 
transuranium elements. 

13.12. The evidence which led to the 
concept of nuclear fission was essen- 
tially chemical, being based on the 
supposed identity of one of the prod- 
ucts with barium. In view of the novel 
character of the process it was, of 
course, desirable to obtain confirma- 
tory evidence in other ways, if pos- 
sible. It will be seen shortly (§ 13.20) 
that fission is accompanied by the lib- 
eration of large amounts of energy, as 
Meitner and Frisch predicted, and 
hence the fission fragments would be 
expected to fly apart with high veloc- 
ity. Such energetic particles should be 
capable of producing considerable ion- 
ization in their paths. Within a few 
days of the conception of the nuclear 
fission theory, Frisch was successful 


*The term “fission” was 
to describe the division of cells in living 


Sourcebook on Atomic Energy 


1 suggested by the American biologist W. A. Arnold who was in 
nhagen at the time working som G. Hevesy ($ 17.7). TR ADS word aa long been used 
organisms, 


Chap. 1 


in proving, with the aid of an ioniza- 
tion chamber and amplifier (§ 7.18), 
that the bombardment of uranium by 
neutrons released particles with excep 
tional ionizing power, as required by 
the theory. 


CoNFIRMATION OF NUCLEAR 
Fission 


13.13. In the meantime, Niels Bohr, 
whom Frisch had told of the con 
jectures concerning the fission of ur 
nium, was on a visit to the United 
States; through him information of the 
idea spread, partly by word of mouth 
and partly as a result of a report he 
made at a conference on theoretical 
physics held in Washington, D. C., on 
January 26, 1939. Immediately, phys- 
ieists in various laboratories devised: 
experiments to detect the intense ionis 
zation expected from the products of 
fission, and by the middle of February, 
when the results secured by Frisch, 
referred to above, were published, 
confirmation had been reported from 
Columbia University, Johns Hopkins 
University, the Carnegie Institution of 
Washington, and the University of 
California. A striking oscillographi¢ 
record, obtained at Columbia Unt 
versity, of the ionization bursts pro- 
duced by the particles accompanying 
fission is seen in Fig. 13.1; the dark 
background at the bottom of the 
photograph is due to alpha particles 
from uranium, which obviously have 
much less energy than do the fission 
fragments. 

13.14. In addition to the evidence 
for fission derived from ionization and 
cloud-chamber effects, F. Joliot, im 
Paris, found that the fission fragments 
were ejected with such high velocity 
from a thin layer of uranium that 
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they could be deposited on a surface 
placed a short distance away. Similar 
results were obtained in Denmark by 
Meitner and Frisch, using a water 
surface to collect the recoil products, 
and by E. M. McMillan, in the United 
States, who showed that the fission 
particles had a range of up to about 
2.2 em in air. The nuclei which were 
ejected from the uranium were found 
to possess the radioactive properties 
which had at one time been ascribed 
to the transuranium elements. 

13.15. Finally, in reviewing the dis- 
covery of nuclear fission, brief mention 
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atomie number, including bromine, 
krypton, strontium, molybdenum, ru- 
bidium, antimony, tellurium, iodine, 
xenon, and cesium. Most of the work 
described had been completed within 
three months of the original announce- 
ment of the theory of nuclear fission, so 
that in this short period of time the 
revolutionary new concept had become 
widely accepted. 


Tyres or Fission REACTIONS 


13.16. The foregoing description has 
referred, in partieular, to the fission of 
uranium by slow neutrons. This was 


Fig. 13.1. Oscillographic record, obtained at Columbia University, of ionization bursts 
caused by fission products. 


may be made of the identification of 
the products, perhaps the most con- 
vincing argument of all for the splitting 
of the uranium nucleus by neutrons. 
Apart from lanthanum and barium, 
mentioned earlier, which provided the 
original clues, I. Joliot-Curie and 
P. Savitch in France, N. Feather and 
E. Bretscher in England, P. Abelson 
in the United States, O. Hahn and his 
collaborators in Germany, and F. A. 
Heyn, A. H. W. Aten, and C. J. Bakker 
in Holland adduced arguments for the 
formation, either as fission fragments 
or as products of their radioactive 
decay,* of several elements of medium 


actually the first and, as later events 
were to prove, the most important type 
of nuclear fission. But it was soon real- 
ized that the nuclei of other elements 
of high atomie number could be made 
to undergo fission, and that other par- 
ticles, besides neutrons, could be effec- 
tive in this respect. Uranium ean be 
split by neutrons of all energies, i.e., by 
slow, intermediate, and fast neutrons, 
but as will be seen later ($ 13.63) this 
is due to the presence of the lighter 
isotope uranium-235. Fission of the 
more abundant uranium-238 requires 
fast neutrons with energy exceeding 
about 1. MeV. Two other nuclides, 


*Tt is frequenti desirable to make a distinction between the direct or primary fission 


particles, anı 


to as fission fra: or as 


the numerous products of their radioactive desy, The former will be referred 
rimary fission products. The genera! 


term fission products, without 


qualification, will apply to all the products of fission, including the primary fragments as 


well as the nuclides formed by their decay. 
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which do not occur in nature, but 
which have proved to be fissionable by 
neutrons of all energies, are uranium- 
233 (atomic number 92) and plu- 
tonium-239 (atomic number 94). As 
with many other neutron reactions, 
fission eross sections are generally high 
for slow neutrons, but, apart from an 
intermediate resonance region, they 
decrease as the speed (or energy) of the 
incident neutron increases (8 11.99). 

13.17. The fission of thorium re- 
quires fast (about 1 MeV) neutrons, as 
also does protactinium, That 9-MeV 
deuterons could produce fission in both 
uranium and thorium was reported by 
D. H. T. Grant in England in 1939, 
and by I. C. Jacobsen and N. O. Lassen 
in the United States in the following 
year; and in 1941, American workers 
showed that 32-MeV alpha partieles 
(E. Fermi and E. Segrè), 7-MeV pro- 
tons (G. Dessauer and E. M. Hafner), 
and 6.3-MeV gamma rays (R. O. 
Haxby, W. E. Shoupp, W. E. Stephens, 
and W. H. Wells) were also effective. 
The procedure in the latter case is 
often called photofission since it is 
caused by radiation. 

13.18. Until 1947, fission had not 
been observed in any element of 
atomie number less than 90, but in 
that year successful fission of bismuth, 
lead, thallium, mercury, gold, plati- 
num, and tantalum was achieved in the 
Radiation Laboratory, Berkeley, by 
means of alpha particles, deuterons, or 
neutrons of very high energy, 100-MeV 
or more, as stated in $10.82. With 
bismuth (atomie number 83) fission 
was deteeted with 50-MeV deuterons, 
but tantalum (atomie number 73) re- 
quired alpha particles of 400 MeV. It 
is probable that nuclei of even lower 
atomic number can be fissioned by 
particles of sufficiently high energy, 
but the situation is confused by spalla- 
tion which occurs simultaneously. 
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13.19. In addition to induced fission 
in which a particle of some kind is ig 
volved, nuclides with mass numbers 4 
230 or more exhibit spontaneous fissio 
This phenomenon was discovered i 
uranium—actually | uranium-228—by 
the Russian physicists G. N. Flemy 
and K. A. Petrjak in 1941. The half-lif 
of uranium-238 for spontaneous fission 
is nearly 10 years; this means thal 
in one gram of ordinary uranium abo | 
25 nuclei, on the average, undergo 
spontaneous fission every hour. Th 
rate of radioactive decay of uranium 
238 by alpha-particle emission is aboul 
two million times as great. The subject 
of spontaneous fission will be treated: 
somewhat more fully in § 13.54. 


ENERGY LIBERATION IN Fission 


13.20. Aside from the fact that fisi 
sion represents a new and unexpected: 
type of nuclear transformation, the 
process is remarkable because it i 
accompanied by the liberation of such! 
large amounts of energy. Before 1939) 
the largest known nuclear reaction el) 
ergy was 22.2 MeV, associated with the 
*Li(d,a)‘He process, but the early 
estimates made by Meitner and Frisch; 
and by others, as well as experimental 
determinations, showed that in the 
fission of uranium nearly ten times this 
amount of energy, namely, about 200 
MeV, is released. As in other nucleat 
reactions, the energy produced in 
fission is equivalent to the differente 
in (rest) mass between the interacting. 
particles and the final products. Tt 
happens in this instance that, for 
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rest masses of the original uranium 
nucleus and the neutron with which it 
interacts exceed those of the final 
stable products of the reaction: Al- 
though uranium-235 splits in many 
different ways, the nuclei obtained in 
the greatest yield in fission by slow 
neutrons have mass numbers of about 
95 and 139. The initial products are 
radioactive and undergo several stages 
of negative beta-decay; ultimately, 
after the emission of a total of seven 
beta particles (electrons), the stable 
nuclides molybdenum-95 and lantha- 
num-139 are formed ($13.85). The 
fission process in this particular case 
may consequently be represented by 


*88U + jn — $8Mo + "La. +7 fe + 2in. 


Some neutrons are always liberated in 
the fission process (§ 13.37) and in this 
instance the nucleon balance requires 
the number to be two, as indicated at 
the extreme right. The atomic mass of 
uranium-235 is 235.0439 amu and the 
mass of the neutron is 1.0087 amu; the 
total mass on the left side of the ex- 
pression given above is consequently 
236.0526 amu, The masses of mo- 
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Mass converted into energy 
= 236.0526 — 235.8332 
= 0.219 amu. 


Upon multiplication by 931, the result 
will give the energy equivalent of this 
mass, that is, the energy released in 
fission, expressed in MeV units (§ 3.82). 
The fission energy is thus found to be 
0.219 X 931 = 204 MeV. 

13.22. A procedure equivalent to the 
above is to utilize the known (or cal- 
culated) binding energies. The binding 
energy per nucleon in uranium-238 is 
7.6 MeV, and the value is approxi- 
mately the same for the uranium-235 
isotope. The stable fission products, on 
the other hand, lie toward the center of 
the mass-number scale, where the 
binding energy is about 8.5 MeV per 
nucleon, as may be seen from Fig. 12.2. 
In other words, the energy released in 
the hypothetical formation of the com- 
pound nucleus *"U from its constitu- 
ent nucleons, i.e., its total binding 
energy, would be approxiinately 236 X 
7.6 MeV, whereas for the fission prod- 
uets the corresponding energy would 
be 236 X 8.5 MeV; thus 


:92p + 144n — "SU (compound nucleus) + 236 X 7.6 MeV 
92p + 144n — Fission product nuclei + 236 X 8.5 MeV. 


lybdenum-95 and tantalum-139 are 
94.9058 and 138.9061 amu, respec- 
tively, and the mass of an electron is 
0.00055 amu; hence, the total mass on 
the right side is 235.8332 amu. The 
mass which is converted into energy 
in the fission process is therefore given 
by 


Upon subtracting the first of these ex- 
pressions from the second and rear- 
ranging, it is seen that the formation 
of the fission products from uranium 
will be accompanied by the liberation 
of roughly 236 X (8.5 — 7.6), i.e, 
236 X 0.9 MeV, which is, again, in the 
vicinity of 200 MeV.* 


* There may be some difficulty, at first sight, in understanding why the formation from 
2 uranium nucleus of fission product nuclei, in which the binding energy per nucleon is larger, 


should lead to a liberation of energy. The reason is that the 
hich would be liberated in its formation from 


possessed by the nucleus, but the energy w! 


inding energy is not energy 


neutrons and protons. It is consequently numerically equal to the energy which would have 
to be supplied in order to break up the nucleus into its constituent nucleons (§ 12.6). 
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13.23. It will be apparent that the 
liberation of energy in fission is ac- 
counted for by the fact that the bind- 
ing energy per nucleon in the heavy 
element uranium is lower than it is in 
nuclei of moderate mass number. As 
stated in $812.89, this decrease is 
mainly due to the rapid growth of the 
electrostic repulsion energy in the 
nucleus with increasing atomic num- 
ber. The smaller the binding energy 
per nucleon, the smaller the mass 
defect and hence the larger the mass 
per nucleon; the greater mass of the 
uranium nucleus as compared with 
that of nuclei into which it may be 
split is thus also to be attributed to 
the effect of electrostatic repulsion of 
the protons. The actual process of fis- 
sion is probably accounted for by the 
large value of this repulsive force in 
heavy nuclei (§ 13.54), and so it is 
responsible both for fission and for 
the release of energy accompanying 
this nuclear reaction. 

13.24. Incidentally, the energy of 
electrostatic repulsion when the fission 
fragments are almost in contact, that 
is, at the instant the nucleus is split, 

. gives a fair approximation to the en- 
ergy released in fission. If the atomic 
numbers of the product nuclei are Z; 
and Z;, the electrostatic energy is 
given by Coulomb’s law (§ 4.16) as 


ZZ: 
E=— 
(QR) 


where R, and Rs are roughly the respec- 
tive nuclear radii, and e is the unit 
(electronic) charge. If the products are 
assumed, as above, to have the mass 
numbers 95 and 139 and if, further, it 
is supposed that the 92 protons avail- 
able from the uranium nucleus are 
divided between the fragments in the 
same proportion as the neutrons, the 
values of Z, and:Zs will be about 38 
and 54, respectively. For the present 


(13.1) 
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purpose, the R values may be taken: 
1.4 X 10-94! cm, where A is the 
mass number (§ 12.71), and since the 
electronic charge is 4.8 X 10-” & 
($2.41), the electrostatic energy in 
ergs, according to equation (13.1), i 


g = 38 X 54(4.8 x 107 
14 X 10-895" + 1391/5) 


= 8.5 X 10~ erg. 


Upon dividing by 1.6 X 10-5, to eo 
vert ergs into MeV ($ 3.33), the re 
which is a rough measure of the fiss 
energy, is seen to be 220 MeV. 
13.25. The foregoing calculati 
are all somewhat approximate, chiefly: 
because of the uncertainty concerni 
the nuclei formed in fission. Actua 
there are at least 40, and possib 
more, different modes of fission, 8 
the mass difference, and energy releas 
is not exactly the same in every ca 
It can be shown, however, that 
variation is not large, and so it 
usually accepted that the fission ene 
of uranium-235 is close to 200 Me 
13.26. The first attempts to measure 
the energy of uranium fission direc! 
were made in 1939 by W. Jentsch 
and F. Prankl in Germany, and 
E. T. Booth, J. R. Dunning, and F. Gy 
Slack in the United States; the kineti 
energy of the fission particles was es 
mated from the extent of the ionizati 
they produced. The results showed th 
the energy distribution is not unifoi 
but consists of two distinct groups; 
with approximately equal numbers of 
particles in each; that this is the ca 
may be seen from the oscillogram 
Fig. 13.1. The values of the mean en 
gies in each group were found to 
about 70 and 100 MeV, making a to 
of 170 MeV. Later studies, based on 
measurements of ionization and of 
velocities of the nuclei formed in 
sion, indicate that the kinetic ene 
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of these particles in the fission of 
uranium-235 by slow neutrons is 167 
MeV. There is a more or less continu- 
ous distribution of energies, falling into 
two groups, as shown in Fig. 13.2. The 
maxima in the respective groups, which 
are close to the average values, are 
about 68 and 99 MeV. 
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in several different forms. The major 
part occurs as kinetic energy of the 
fission fragments, and a substantial 
portion as radioactive decay energy of 
the fission products. In addition, neu- 
trons and gamma rays liberated at the 
instant of fission carry appreciable 
amounts of energy. An indication of 


80 90 100 "o 120 


FRAGMENT KINETIC ENERGY (MeV) 
Fra. 13.2. Distribution of kinetic energies of fission-fragment nuclei. 


13.27. A direct calorimetric meas- 
urement of the energy liberated in the 
form of heat when uranium was sub- 
jected to the action of neutrons, made 
in 1939 by M; C. Henderson in the 
United States, gave 175 MeV. More 
recent work, however, has indicated a 
value close to 167 MeV, in agreement 
with the kinetie energy of the fission 

_ fragments. The difference of approxi- 
mately 33 MeV between this quantity 
and the 200 MeV released in fission is 
accounted for partly by the energy of 
the gamma rays and neutrons that 
accompany the fission process, and 
partly by the energy of the beta parti- 
cles, gamma-ray photons, and neu- 
trinos liberated during the course of 
the radioactive decay of the fission 
produet nuclei. ; 

13.28. As just indicated, the energy 
released in the fission process appears 


the manner in which the energy is 
distributed in the fission of uranium- 
235 by slow neutrons is given in the 
table. The total fission energy, as de- 


APPROXIMATE DISTRIBUTION OF 
FissroN ENERGY 


MeV 

Kinetic energy of fission fragments. . . . 167 
Energy of fission neutrons... ......+5+ ‘5 
Instantaneous gamma-ray energy... 7 
Beta particles from fission products. . .. v 
Gamma rays from fission products. ... 6 
Neutrinos from fission products, ...... 11 

Total fission energy . ....- e 203 


termined experimentally; is thus close 
to 203 MeV, in agreement with the cal- 
culated value. The neutrons, beta par- 
ticles, and gamma rays are absorbed 
over a period of time, and the energy 
they carry ultimately appears as heat. 
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Because the neutrinos are not easily 
absorbed (§ 8.61), their energy, the 
value of which is estimated from the 
beta-decay energy, is dissipated over a 
large volume of space. 


Mass DISTRIBUTION oF 
Fission Propucts 


13.29. It was stated above that the 
kinetic energies of the fission particles 
fall into two groups; this was inter- 
preted as indicating that uranium 
fission takes place in an unsymmetrical 
manner, the two nuclear fragments 
having different masses. If these 
masses are represented by m; and m, 
and the respective velocities, with 
which they are ejected in opposite 
directions, are v and v, then the 
principle of conservation of momen- 
tum requires mv, to be equal to maus. 
The kinetic energies E, and E; are 
Yami and mag, respectively, so that 
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The ratio of the energies should thus 
be inversely proportional to the ratio 
of the masses or mass numbers. The 
ratio of the energies was found to be 
nearly 1.5, and this is in general agree- 
ment with the fact, already apparent 
in 1939, that the known fission frag- 
ments fall into two groups, one around 
krypton, mass number about 90, and 
» other around xenon, mass number 
140. 

13.30. Because it was necessary to 
have precise information concerning 
the produets of nuclear fission, in con- 

- nection with the development of atomic 
energy (Chapter 14), a great deal of 
work has been done with the purpose 
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of identifying these products. Some of | 
the details of the difficult investiga- - 
tions will be considered later, but for ' 
the present it will be sufficient to out- 
line the general nature of the results; 
these are represented by the data for 
fission of uranium isotopes by thermal 
(slow) and 14-MeV (fast) neutrons 
plotted in Fig. 13.3. The mass number 
of the product is plotted against its 
fission yield, this being the proportion 
of nuelear fissions yielding that par- 
ticular product, usually expressed as a : 
percentage of the total.* Since the - 
observed fission yields cover such a 
large range, from about 10-* to 8 per- 
cent, they are plotted on a logarithmic © 
scale for convenience. Incidentally, the _ 
reason why mass numbers, rather than — 
atomic numbers, are plotted is that the 
fission fragments are nearly all radio- 
active, decaying by the loss of a nega- 
tive beta-particle (see § 13.85 footnote). 
The atomic numbers consequently 
change with time but the mass num- 
bers are unaffected in the beta decay. 
13.31. An examination of the fission 
yield curve for thermal neutrons shows 
immediately that, in accordance with — 
the conclusions drawn from the parti- 
cle energies, the products fall into two ~ 
broad mass-number groups. The range | 
of mass numbers detected experimen- 
tally is from 72, an isotope of zinc : 
(atomic number 30), to 161, an isotope . 
of terbium (atomic number 65). Of the 
36 different elements covered by this — 
range of atomic numbers, there is 
evidence that nearly all are produced 
directly in fission. The difficulty of the 
work may be realized when it is stated _ 
that in the fission of uranium-235 
something like 210 different nuclides, 


* It should be noted that, since two nuclei are A is era in each act of fission, the total 


fission yield adds up to pde. In about one 


ermal-neutron fission in 400, three nuclei 


are formed in what is called ternary fission. In the great majority of these, the third nucleus - 
is an alpha particie, but in a few instances a triton is released in ternary fission. In about one 


fission in 100,000 of uranium-235 the 
mass, 


products are three (or four) nuclei of roughly 
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including fission fragments and prod- 
ucts of their radioactive decay, have 
been detected (§ 13.86). 

13.32. About 97 percent of the 
uranium-235 nuclei undergoing ther- 
mal fission yield products which fall 
into two groups, a “light” group, with 
mass numbers from 85 to 104, and a 


483 
only 0.01 percent of the nuclei suffering’ 
fission by thermal neutrons break up 
in this menner. 

13.33. Since there are 90 possible 
mass numbers in the range from 72 
through 161, it is conceivable that this 
may represent the total number of 
different nuclides formed as direct 
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Fia. 13.3. Fission yield as a function of mass number for thermal-neutron fission of 
uranium-235 and 14-MeY neutron fission of uranium-238. 


“heavy” group, with mass numbers 
from 130 to 149. The most probable 
types of fission, each roughly repre- 
senting 6.5 percent of the total, give 
products with mass numbers in the 
vicinity of 95 and 139.* It is apparent 
from these results that the thermal- 
neutron fission of uranium-235 is far 
from symmetrical. If the compound 
nucleus splits into two equal frag- 
ments, the mass of each is 117 or 118; 


fission fragments. In this case, the 
uranium nucleus should be capable of 
splitting in 45 different ways. The loss 
of mass, and hence the energy liber- 
ated, will not be exactly identical for 
every mode of fission, although the 
variations are not large. It is, in fact, 
because the mass or energy differences 
are neatly the same in all cases that the 
several fission modes take place simul- 


taneously. 


*The yield of mass number 134 is exceptionally high at spout 8 percent, as may be seen 


from the peak in the thermal-nevtron fission curve in Fig. 13. 


i: 
.. 13.34. It is useful to Hote that the 


_ fission yield curve in 1 ig. 13.3 is almost | 


' symmetrieal about the line passing 
through the ordinate for mass number 
117, the two parts lang roughly mirror 
images. This means thdt the products 
represented by points on the left-hand 
(outer) limb of the light group will 
correspond to those of the same yield 
on the right-hand (outer) limb of the 
heavy group; similarly, products on 
the right-hand (inner) limb of the light 
group will be paired with those on the 
left-hand (inner) limb of, the heavy 
group. For example, the fission frag- 
ment of mass number 81 is formed at 
the same time as 153, the yield being 
about 0.15 percent; similarly, nuclides 
of mass numbers 103 and 131 are 
produced simultaneously in about 3.5 
percent of the fissions.* 

13.35. The yields of products of 
various mass numbers have also been 
determined for the thermal-neutron 
fission of uranium-233 and plutonium- 
239. The general shape of the fission- 
yield curve is very similar to that ob- 
tained for uranium-235, shown in Fig. 
13.3. Since the masses of the nuclei 
undergoing fission are somewhat differ- 
ent, there is a slight shift in the position 
of the curve with reference to the mass- 
number axis. It is somewhat surprising, 
however, that although the maximum 
of the light group changes in accord- 
ance with the mass number of the 
nuclide undergoing fission, the maxi- 
mum of the heavy group is almost the 
same for uranium-233 and plutonium- 
239 as it is for uranium-235. The 
amount of symmetrical fission by 
thermal neutrons is about 0.02 percent 
for uranium-233 and 0.04 percent for 
plutonium-239. 

13.36. An examination of the yield 
curve in Fig. 13.3 for fission by 14-MeV 
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neutrons shows that thé extent of sym- 
metrical fission increases with the en- 
ergy of the incident neutrons. This has | 
also been found to be true for fission | 
induced by charged particles. From 
studies of the fission yields obtained 
from several nuclides with particles of 
various energies the following conclu- 
sions have been drawn. For nuclides 
of atomic number 90 (thorium) or 
more, the fissions are mostly asym- 
metric, as in thermal-neutron fission of | 
uranium-235, provided the energy of 
the particle does not greatly exceed the 
minimum (or threshold) value neces- 
sary to cause fission. With increasing 
energy of the particle, the proportion 
of symmetrical fission increases, as 
seen in Fig. 13.3, aud in some cases, 
e.g., fission of uranium-233 by alpha 
particles, a third (symmetrical) peak 
appears between the light- and heavy- 
mass peaks. At still higher particle 
energies, the mass yield curve has a 
single broad peak, indicating that 
symmetrical fission is now the most 
probable type. 1 
13.37. At the other extreme, i.e., for 
nuclides of relatively low atomic num- 
bers, e.g., 82 and 83 (lead and bismuth), 
symmetrical fission predominates even ' 
for particles with energies just above 
the fission threshold value. The fission- 
yield curve has a single narrow peak, 
representing symmetrical fission, which 
becomes broader as the particle energy 
is increased. Nuclei of intermediate 
atomic number, i.e., roughly from 84 
through 89, exhibit intermediate be- 
havior. For particle energies near the 
fission threshold, the yield curve has - 
three maxima, suggesting roughly 
equal degrees of symmetric and asym- 
metric fissions. At higher energies, the 
outer peaks decrease while the central 
(symmetric) one increases; eventually, 


* These results are strictly correct only for fissions in which two neutrons are liberated, 
so that the sum of the mass numbers of the fission fragments is 234. 
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j + EON rer 
the yield curve has a singlé Maximum 
which broadens with increasing energy 
of the incident particle. 


Emission or NEUTRONS 
IN FISSION 


13.38. It was stated at the beginning 
of this chapter that one of the notable 
features of nuclear fission is the liber- 
ation of neutrons by which it is ac- 
companied. That such simultaneous 
neutron emission was to be expected 
was suggested, and also verified, by 
H. von Halban, F. Joliot, and L. Ko- 
warski in France,* soon after the an- 
nouncement of the theory of nuclear 
fission. Within a few days, independent 
confirmatory evidence was reported by 
H. L. Anderson, E. Fermi, and H. B. 
Hanstein, and by L. Szilard and W. H. 
Zinn in the United States. In view of 
the large amount of energy carried by 
the fission products, there should be 
ample available to cause the expulsion 
of one or more nucleons; that these will 
probably be neutrons may be readily 
seen from the following considerations. 

13.39. Suppose, in order to simplify 
the argument, that a uranium-235 nu- 
cleus upon fission by a neutron were 
to split into two nuclei of mass num- 
bers 95 and 139; suppose further that, 
as in § 13.24, the atomic numbers are 
in the same proportion, so that these 
will be 38 and 54, respectively. The 
primary products of fission may conse- 
quently be taken to be $Sr and *3{Xe, 
whereas the highest mass numbers of 
stable forms of these elements are 88 
and 136, respectively. It is evident that 
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the highly energetic, primary nuclei 


formed in fission contain several more 


neutrons than is permissible for sta- 
bility, and hence the expulsion of 
neutrons is not surprising. 

13.40. The same conclusion may be 
reached in a more general manner by 
recalling, from § 12.38, that the ratio 
of neutrons to protons in stable, natu- 
rally occurring nuclei increases with 
increasing mass number. At the high 
atomic number end of the periodic 
system, the ratio is greater than 1.5, 
but in the middle, where the fission 
products lie, the neutron-to-proton 
ratio for stability ranges from 1.28 to 
1.4. It follows, therefore, that if a 
nucleus of high mass number is split 
into two smaller nuclei, the ratio of ' 
neutrons to protons for at least one of 
the latter must be considerably greater 
than is compatible with stability. 

13.41. In order to test the possibility 
of neutron release in fission, von Halbau 
and his associates placed a neutron 
source at the center of a large vessel, 
with detectors at various distances 
from it to determine the neutron 
density in the vessel. This was filled 
first with uranyl nitrate solution, and 
then with ammonium nitrate solution 
for comparison. In spite of the ab- 
sorption of neutrons by the uranium, 
the mean density of neutrons in the 
vessel was found to be larger in the 
former case, indicating that more 
neutrons were formed in fission than 
were used up in the process. From the 
results it was estimated that, for each 
atom of uranium undergoing fission, 
between three and four neutrons were 


* H. D. Smyth, in his report on Atomic Energy for Military Purposes, states: “At the meet! 


ing (held in Washington, D. C., January 26-28, 


1939] Bohr and Fermi discussed the problem 


of fission, and in particular Fermi mentioned the possibility that neutrons .night be emitted | 


during the 


rocess." This conversation must have taken place some time before the pub- 


lication of the paper by von Halban, et al. Further, according to O. R. Frisch, both (Frl.) 


L. Meitner and C. Møl 
emission accompanying fission. 
t This may not 


ler (in Copenhagen) had pointed out to him the possibility of neutron 


quite correct, but the general argument remains unaffected by small 


differences between these and the actual atomic numbers. 
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emitted, on the average. The release 
. Of neutrons in fission was confirmed by 
scientists in the United States, as well 
as in France and Germany. The num- 
ber of neutrons released depends upon 
the mode of fission, as will be seen 
shortly, and it may range from none 
to four or more, so that the over-all 
average is not an integer. The average 
values for the numbers of neutrons 
produced in the fission of uranium-235, 
plutonium-239 and uranium-233 by 
thermal neutrons are recorded below. 


Neutrons PRODUCED IN 
THERMAL-NEUTRON FISSION 


Uranium-235 2.43 
Plutonium-239 2.89 
Uranium-233 2.50 


. 13.42. In accordance with theoreti- 
eal expectation, the spatial distribution 
of the neutrons ace cbmpanying nuclear 
fission indieates that they are ejected 
from the instantaneous fission parti- 
cles, and not from the compound 
nucleus. In other words, the latter first 
breaks up into two parts, each of 
which, as seen above, probably has 
too many neutrons for stability, as 
well as sufficient energy to make neu- 
tron emission possible. The excited, un- 
stable nucleus may consequently expel 
one or more neutrons, probably within 
107 sec, in an attempt to attain or 
approach stability. The energies of the 
fission neutrons range from a fraction 
of an MeV up to at least 8 MeV, but 
the great majority have energies in the 
region of 1 to 2 MeV. 

13.43. The average number of neu- 
trons released per fission increases with 
the energy of the neutrons inducing the 
fission. In the energy range of interest 
for the controlled release of nuclear 
energy by fission, namely, up to about 
1 MeV, the change in the average 
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number of fission neutrons is small, - 
e.g., from 2.43 to 2.50'for uranium-235. 
At higher energies (above 2 MeV) the - 
average number of fission neutrons in- 
creases at the rate of one additional — 
neutron for about 7 MeV increase in | 
the energy of the neutron causing the - 
fission. Thus, in the fission of uranium- 
235 by 14-MeV neutrons, an average 
of 4.5 neutrons are produced per fission. 
Information concerning the depend- - 
ence of the number of fission neutrons 
on the nature of the nucleus under- 
going fission has been obtained from ^. 
a study of spontaneous fission, which 
will be described in § 13.56. As might 
have been anticipated, the average 
number of neutrons increases, in gen- 
eral, with the mass number and atomic 
number of the fissioning nucleus. 
13.44. The variation of the number 
of fission neutrons with the mass num- 
ber of the fission fragment was ob- 
served in 1954 by J. S. Fraser and 
J. C. D. Milton in the United States. 
The experimental procedure involved 
determination of the average number 
of neutrons emitted in coincidence with 
specific fission fragment pairs, which 
are expelled in opposite directions. 
Later studies have been made with the 
same technique and also by comparing 
the mass distribution of the instan- 
taneous fission particles, ie., before 
neutron emission, as derived from the 
energy distribution, and the final mass 
yields, such as Fig. 13.3. The general 
nature of the results, which do not 
appear to vary greatly with the nu- 
cleus undergoing fission, are summa- | 
rized in Fig. 13.4; this shows the 
average number of fission neutrons 
emitted as a function of the fragment 
mass in the thermal-neutron fission 
of uranium-235. The curve marked 
"total" shows the sum of the neutrons 
expelled by the two particles formed in 
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each act of fission.* The breadth of the 
curves represents the degree of un- 
certainty in the’ experimental results. 
A fission-yield curve is included in the 
figure for convenience in identifying 
the light and heavy groups of fission 
products. 

13.45. The striking fact emerges 
from Fig. 13.4 that the neutron emis- 
sion from the fragments of lightest 
mass in each group (light and heavy) 
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matter to which attention should be 
drawn is that the fission fragments 
which emit no neutrons, i.e., at the '' 
light end of each mass group, contain 
50 neutrons (light group) or 50 protons 
(heavy group); these represent closed 
shells of neutrons and protons, respec- 
tively (§ 12.105). The possible signifi- 
cance of this result will be examined 
later. 

13.46. The number of neutrons ex- 


FISSION YIELD (PERCENT) 


130 140 


150 160 


FRAGMENT MASS NUMBER 


Fra. 13.4. Fission neutrons and yield as functions of the mass number of the fragment; 
note that the fission yield curve (right scale) is linear whereas in Fig. 13.3 it is logarithmic, 


is very small, possibly zero. The num- 
ber of fission neutrons increases with 
the mass number and is a maximum 
for the heaviest nuclei in each group. 
Thus, in the least probable fissions, 
namely, the most symmetric (near the 
center of the figure) and the most 
asymmetric (at the outer limbs), there 
is a large difference between the aver- 
age numbers of neutrons emitted by 
the two fragments. It is of interest to 
note, however, that the total number 
of fission neutrons does not vary much 
with the mode of fission. Another 


pelled by an instantaneous fission frag- 
ment is considered to be a measure of 
its excitation energy. Consequently, it 
appears that there is a large difference 
in the excitation energies of the two 
nuclear fragments formed in the least 
probable modes of fission. In the mo 

probable fissions, on the other hand, 
when the masses are about 90 to 100, 
in the light group, and 135 to 145, in 
the heavy group, the excitation energy 
is evidently divided almost equally 
between the two fragments. The fact 
that the total number of neutrons does 


* A mirror image of this curve might equally well have been indicated at the left side of 
the figure, abové the masses of the light group. 
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not depend significantly on the mode 
of fission indicates, in agreement, with 
expectation, that the total excitation 
energy is almost the same in all 
instances. 


DELAYED Fission NEUTRONS 


13.47. The great majority (over 99 
percent) of the neutrons produced in 
fission are released within about 10-4 
sec, as stated above; these are referred 
to as the prompt neutrons. A small 
proportion, however, of fission neu- 


trons are delayed neutrons which are: 


emitted for some time after the fission 
process has taken place. In the fission 
of uranium-235 by neutrons up to at 
least 1 MeV energy, 0.65 percent, or 
roughly one in 160, of the neutrons 
emitted is delayed. The delayed neu- 
trons can be detected for a few minutes, 
the intensity falling off with time in a 
manner analogous to that of a mixture 
of radionuclides of different, half-lives. 
It will be seen in § 14.62 that the emis- 
sion of the delayed neutrons is an 
important factor in the control of 
nuclear fission reactors. 

13.48. Early in 1939, apparently 
before the production of prompt fission 
neutrons had been reported, R. B. 
Roberts, L. R. Hafstad, N. C. Meyer, 
and P. Wang in the United States, 
noted that uranium and thorium con- 
tinued to emit neutrons for a short 
time after the bombardment by neu- 
trons had ceased. These were the 
delayed neutrons accompanying nu- 
clear fission. An analysis of the rate of 
decrease in the neutron density by the 
American physicists E. T. Booth, J. R. 
Dunning, and F. G. Slack in 1939; and 
later in the same year by K. J. Bro- 
strøm, J. Koch, and T. Lauritsen, in 
Denmark, revealed the presence of 
four decay periods. More recent work 
has shown that the delayed neutrons 
from the fission of uranium-235 fall 
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into six groups (§ 10.162). The rate of 
decay of the neutron density in each 
group is exponential in nature, as it is 
for radioactive decay in general, and 
the half-lives range from a fraction of 
a second to nearly a minute. 

13.49. The study of the delayed- 
neutron emitters of short life is facili- 
tated by the use of a device referred 
to colloquially as a. rabbit"; by this 
means a sample of fissionable material, 
after exposure to a high density of 
neutrons, usually in a nuclear fission 
reactor, is rapidly transferred to a 
counter where the emission of the 
delayed neutrons is registered auto- 
matically. The characteristic proper- 
ties of the various delayed neutrons, 
and the percentage which each consti- 
tutes of the total (prompt and delayed) 
neutron emission are given in the table 
for the fission of uranium-235 by 
thermal neutrons. Similar results have 
been’ found in connection with the 
fission of plutonium-239 and uranium- 
233; neutrons, emitted with approxi- 
mately the same half-life periods, have 
been observed, but the respective yields 
are different. For the thermal-neutron 
fission of plutonium-239, about 0.21 
percent of the neutrons are delayed and 
for uranium-233, about 0.26 percent, 


DELAYED NEUTRONS IN Fission oF 
UnANIUM-235 Bv THERMAL NEUTRONS 


Half-Life (sec) Yield (%) Energy (MeV) 

55.7 0.0215 0.25 
22.7 0.1424 0.46 
6.22 0.1274 0.41 
2.30 0.2568 0.45 
0.61 0.0748 0.41 
0.23 0.0273 E 
Total 0.650 percent 


13.50. The explanation of the de- 
layed neutron emission has been given 
in § 10.163. It was seen that actual 
emission ‘occurs instantaneously frora 
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the excited state of a nuclide produced 
in beta decay; the parents of these 
nuclides are called delayed-neutron pre- 
cursors. There are approximately 20 
fission products, many of them isotopes 
of bromine and iodine, which have 
neutrons close to magic numbers and 
the proper half-lives to qualify them 
to be such precursors (§ 12.107). Of 
these, however, only a few have been 
identified as being definitely associated 
with specific delayed-neutron groups. 
For example, it appears reasonably 
certain that the precursor of the 55-sec 
group is “Br, and that Br and '"I are 
the precursors of the 22-sec group. The 
6-sec period is possibly due to *Br and 
38], and perhaps also to either 9Rb or 
*Rb (or both). One of the precursors 
of the 2-sec period group is probably 
V As, but there may be others. 


Fissitp AND FISSIONABLE NUCLIDES 


13.51. It was mentioned in $ 13.16 
that uranium-235 will undergo fission 
by neutrons of any energy, from almost 
zero upward, but uranium-238 requires 
neutrons of at least 1 MeV to induce 
fission. That this would be so was pre- 
dicted by N. Bohr in February 1939, 
for reasons which will be given in due 
course, and it was verified experimen- 
tally early in 1940 by E. T. Booth, 
J. R. Dunning, and A. V. Grosse at 
Columbia University. Small samples of 
the separate 235 and 238 isotopes were 
secured, first by A. O. Nier and shortly 
after by K. H. Kingdon and H. C. Pol- 
lock, by the electromagnetic method, 
as mentioned in $6.92. These were 
subjected to bombardment by slow 
neutrons; the uranium-235 isotope defi- 
nitely suffered fission, but the heavier 
isotope, of mass number 238, did not. 
The latter, however, could be split by 
fast neutrons, with energies above 
1 MeV. 

13.52. Uranium-233 and plutonium- 
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239 are like uranium-235 in the respect 
that neutrons of any energy can induce 
fission; such species are referred to as 
fissile nuclides. On the other hand, 
uranium-238, thorium-232, and certain 
other species, which have a fission 
threshold at about 1 MeV, are said to 
be fissionable nuclides. In general, fissile 
nuclides have either an even number of 
protons and an odd number of neutrons 
or odd numbers of both; of the many 
possibilities, only the three mentioned 
above have sufficiently long half-lives 
to be of practical interest for the release 
of energy in nuclear fission reactors. 
Fissionable nuclides have either even 
numbers of protons and neutrons or an 
odd number of protons and an even 
number of neutrons. The explanation 
for this behavior will be presented in 
§ 13.74 et seg. Of the fissionable nu- 
clides, only the even-even species 
uranium-258 and thorium-232 are of 
practical interest, because they can be 
converted into fissile species by reac- 
tions with neutrons (cf. $ 11.49). 

13.53. As far as their general fission 
characteristics are concerned, the fis- 
sionable nuclides behave just like the 
fissile ones. Two or three neutrons are 
released, on the average, per fission, 
and of these a small proportion con- 
sists of delayed neutrons of the same 
six groups as are observed for uranium- 
235, ete. If the energy of the neutron 
is not far above the threshold value of 
about 1 MeV, the mass yield of the 
fission products is highly asymmetric, 
just as it is for the thermal-neutron 
fission of the fissile nuclides. Further- 
more, the maximum of the heavy-mass 
group is essentially the same as for 
these nuclides (§ 13.35), although the 
light-mass group maximum varies with 
the mass number of the fissionable 
species. With increasing neutron en- 
ergy, the extent of symmetric fission 


‘increases and ultimately the yield 
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curve has a single broad maximum 
(8 13.36). 


SPONTANEOUS FISSION 


13.54. Spontaneous fission, which is 
exhibited by many nuclides with mass 
numbers of 230 or more, may be re- 
garded as a kind of radioactive decay 
which usually competes with alpha- 
particle emission. With the exception 
of some of the very heaviest known nu- 
clides, having mass numbers in excess 
of 250, the half-life for alpha decay is 
shorter than for spontaneous fission. 
In comparing different isotopes of the 
same element, it is found that the even- 
even species, which undergo neutron- 
induced fission less readily, suffer 
spontaneous fission at a greater rate 
than do those with even numbers of 
protons and odd numbers of neutrons. 
For example, the spontaneous fission 
half-life of uranium-238 is 10" years, 
compared with 1.8 X 10" years for the 
fissile uranium-235; even more striking 
is the difference between the spontane- 
ous fission half-lives of plutonium-240 
(about 10" years) and plutonium-239 
(5 X 10/5 years). The odd-odd nuclides 
have such short half-lives for beta 
decay or orbital-electron capture that 
little is known about their spontane- 
ous fission behavior. On the whole, the 
spontaneous fission half-lives appear 
to be long. 

13.55. Attempts have been made to 
connect the spontaneous fission half- 
lives of the even-even nuclides with the 
atomic number (Z) and the mass num- 

. ber (4); a very rough generalization is 
that the half-life is related inversely to 
the quantity Z?/A (cf. $13.66). In 
other words, the spontaneous fission 
half-life should decrease as the atomic 
number increases and the mass num- 
ber decreases. Thus, for the even-even 
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nuclides of high atomic number, the 
spontaneous fission half-lives become 
quite short, e.g., about 60 days for 
californium-254 (atomic number 98) 
and 3.1 hours for fermium-256 (atomic 
number 100).* In these cases, spon- 
taneous fission is the most important 
mode of decay. For any given atomic 
number, the spontaneous fission half- 
life increases with the mass number, in 
accordance with the Z*/A relationship, 
for the isotopes of lowest mass number, 
but the half-life usually passes through 
a maximum value and then decreases 
for the higher mass numbers. There is 
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thus no simple correlation between the — 


spontaneous fission half-life and the 
mass number. A factor which may 
possibly affect the rate of spontaneous 
fission is the occurrence of a closed 
subshell of 152 neutrons in the region 
of interest. 

13.56. Because californium-252 is 
one of the few nuclides with a moder- 
ately short spontaneous fission half- 
life (85 years) that is available in 
reasonable quantity, its spontaneous 
fission has been studied in some detail. 
It has been found that the process is 
largely asymmetric, with the products 
falling into two mass groups. The 
maximum of the light group is at about 
a mass number of 107, but that of the 
heavy group is close to 140 as it is in 
other types of asymmetric fission, even 
of nuclides of considerably lower mass 
number, e.g., uranium-233. The associ- 
ation of the number of fission neutrons 
with the mass number of the fission 
fragment is very similar to that for the 


fissile nuclides, as shown in Fig. 13.4. — 


The total number of neutrons released 
in spontaneous fission tends to increase 
with the atomic (and mass) number of 
the species undergoing fission; thus, 
the average is about 2.1 for uranium- 


* These elements of higi atomic number do not exist in nature but are obtained by various 


nuclear reactions, as w. 


be seen in Chapter 16. 
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238, 2.8 for curium-244 (atomic num- | mechanism of spontaneous fission is 


ber 96), and 3.8 for californium-252. 
In general, it would appear that the 


essentially the same as for fission in- 
duced by neutrons. 


THEORY OF NUCLEAR FISSION 


MECHANISM OF NUCLEAR Fission 


13.57. It was stated in 8 12.58 that 
if any nucleus has a mass greater than 
the sum of the masses of the particles 
into which it may be subdivided, it 
will tend to be unstable, because the 
subdivision process would be accom- 
panied by a decrease of mass and a 
consequent liberation of energy. The 
mass of a uranium nucleus is certainly 
greater than the combined masses of 
any pair of fission fragments, as seen 
above. It is consequently pertinent to 
inquire: Why do not uranium nuclei 
all suffer rapid spontaneous fission? 
Spontaneous fission does oceur, it is 
true, but the rate of this process is 
extremely small. The question of why 
uranium does not break up spontane- 
ously is, however, only part of the 
problem. The gradual decrease, with 
increasing mass number, of the binding 
energy per nucleon for elements of 
mass number exceeding about 70 (Fig. 
12.2), means that all elements of high 


mass number, especially if they are. 


greater than 140, should be theoreti- 
cally capable of undergoing spon- 
taneous fission with the consequent 
liberation of energy. Actually, fission 
of nuclides with mass numbers less 
than about 230 will take place only if 
energy is supplied to the nucleus, e.g., 
by bombardment with particles of 
high energy. 

13.58. Although the situation ap- 
pears to be contradictory, it is really 
not very different from that with which 
chemists have long been familiar. A 
mixture of hydrogen and oxygen gases 
at ordinary temperatures and pres- 
sures, ior example, is known to be very 


unstable with respect to liquid water, 
because the total free energy of the 
latter is much less than that of the 
former. Nevertheless, mixed hydrogen 
and oxygen gases could probably be 
kept in a glass vessel for millions of 
years without any appreciable forma- 
tion of water. The reason why the 
reaction does not occur is that the 
reacting substances must acquire a 
certain critical amount of energy, 
called the energy of activation, before 
they can combine. Under normal con- 
ditions, this energy is available to a 
negligible number of molecules, and 
so no interaction is observed. Upon 
raising the temperature sufficiently, or 
by passing an electric spark through 
the gas mixture, the reaction can pro- 
ceed. 1 
13.59. Somewhat similar factors are 
operative in essentially all chemical 
reactions. Fuels, such as wood, and 
other carbohydrates, and hydrocarbon 
oils together with oxygen are really 
unstable with respect to the products 
of combustion. Explosives are also un- 
stable, but they can be kept safely, 
under proper conditions, for long peri- 
ods of time. In each case, an activation 
energy is necessary to make the reac- 
tion take place. It will be shown below 
that a nucleus which, on account of 
mass-energy considerations, is poten-. 
tially ‘unstable with respect to two 
smaller nuclei, can undergo fission only 
if sufficient energy, equivalent to an 
energy of activation, is supplied. 
13.60. A useful approach to under- 


standing the mechanism of fission is 


by means of the liquid-drop model of 
the nucleus (§ 12.79). It is postulated 
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that, just as the surface tension forces 
tend to maintain a liquid drop in a 
stable form which resists distortion, so 
the nuclear forces serve to keep the 
nucleus in a stable state. For a drop of 
liquid to be broken up into two smaller 
drops, or for a nucleus to undergo fis- 
sion, there must be considerable dis- 
tortion which will be possible only if 
additional energy is available. This is 
the basis of the interpretation of fission 
indicated by Meitner and Frisch in 
their original publication (§ 13.10). It 
was developed in 1939 by N. Bohr, 
while visiting the United States, first 
in a qualitative manner and later 
quantitatively in conjunction with 
J. A. Wheeler. 

13.61. The general ideal of the pro- 
posed mechanism for fission may be 


Sourcebook on Atomic Energy 


Chap. 18. 


dumbbell, but finally they will become . 
spherical, as indicated at D. t 

13.62. The situation in nuclear fis- 
sion is regarded as being analogous to 
that just considered for a liquid drop. 
A target nucleus combines with a 
neutron to form a compound nueleus; 
the energy gained by the latter is equal 
to the binding energy of the additional 
neutron plus any kinetic energy the 
incident neutron may have possessed. 
The excitation energy may then be | 
emitted as gamma radiation or the 
compound nucleus could, if sufficient 
energy were available, expel one or 
more nucleons. But there is a distinct 
probability that, because of the excess 
energy, the compound nucleus, like a 
liquid drop to which energy is sup- 
plied, will undergo a variety of strong 


67 co.00 


Fig. 13.5. Liquid-drop model of a nucleus undergoing fission. 


understood by considering a drop of 
liquid which is made to break up into 
two smaller droplets, by the applica- 
tion of a suitable force. The system 
passes through a series of stages, some 
of which are represented in Fig. 13.5. 
The drop is at first spherical, as shown 
at A; it is then elongated into an 
ellipsoid, as at B. If insufficient energy 
is available to overcome the surface 
tension, the drop will return to its 
original spherical shape. But, if the 
deforming force is sufficiently large, 
the liquid acquires a shape similar to 
a dumbbell, as at C in Fig. 13.5. Once 
it has reached this stage, it is unlikely 
to return to the spherical form, but it 
will rather split into two droplets. 
These will, at first, be somewhat de- 
formed, with protuberances corre- 
sponding to the constriction of the 


oscillations; and in the course of these 
oscillations it will pass through a 
phase similar to B in Fig. 13.5. If the 
gain in energy accompanying the ab- 
sorption of the neutron is insufficient 
to cause further deformation beyond 
B, the intranuclear forces will compel 
the nucleus to return to its original 
spherical form; the excess energy will 
then be removed, usually by the ex- 
pulsion of a particle of some kind. 
13.63. If the nucleus has obtained 
enough energy to permit it to form the 
dumbbell shape C, however, the resto- 
ration of the initial state A becomes 
very improbable. The reason is that 
the electrostatic repulsion between the 
positive charges on the two ends of C 
can now overcome the relatively small 
portion of the nuclear binding force 
operative in the constricted region. 
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Consequently, from C the system 
passes rapidly to D, representing fis- 
sion into two separate nuclei, which 
are propelled in opposite directions. It 
will be understood, of course, that the 
series of changes just described can 
occur only if it is accompanied by a 
net decrease of mass, that is, by an 
emission of energy; the state D, con- 
sisting of two separate nuclei, is then 
more stable than the initial state A. 

13.64. According to the liquid-drop 
model, the two nuclei formed in fission 
should be the same. One of the out- 
standing problems, therefore, is to 
account for the highly asymmetric 
nature of.the fission process in many 
(but not all) circumstances. It appears 


that asymmetric fission is related in. 


some manner to the shell structure of 
the nucleus (Chapter 12), but the exact 
connection is uncertain. One possible 
interpretation is based on the results 
described in § 13.44 et seq. Consider the 
fission of uranium-235 by a neutron; 
the compound nucleus formed has an 
atomic number of 92, i.e., 92 protons, 
and a mass number of 236, i.e., 236 
nucleons. When fission occurs, there 
will be a tendency for two groupings 
to form, one with 50 neutrons and the 
other with 50 protons. Suppose that 
the reasonable number of 32 protons 
is associated with the former group and 
78 neutrons with the latter, giving 
mass numbers of 82 and 128, respec- 
tively. The total number of nucleons 
in the two initial groupings is thus 210, 
leaving 26 nucleons still to be shared 
between them. These nucleons will be 
divided up in several different ways, 
thus giving a variety of fission frag- 
ments, To judge from the excitation 
energies ($ 13.46), however, the most 
probable distribution will be for an 
equal number, i.e., 18, to go with each 
part. The masses of the instantane- 
ous fission fragments would then. be 
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82--13 — 95 and 128 4-18 = 141, 
After neutron emission, the mass num- 
bers will be about 94 and 140, which 
are very close to the observed maxima 
in the fission-yield curve. The less 
probable, unequal distributions of the 
26 nucleons account for the other 
fission fragments that are obtained in. 
lower yields. 

13.65. The condition for asymmetric 
fission would appear to be that the 
number of neutrons in the light-mass 
group and the number of protons in 
the heavy-mass group must both ex- 
ceed 50. With nuclides of muss number 
less than about 210 this is no longer 
possible. Consequently, the tendency 
to form closed shells has then no influ- 
ence on the manner in which the 
nucleus splits. In these circumstances, 
symmetric fission becomes the most 
probable fission mode, as has been 
observed for bismuth and lead (§ 13.37). 
The apparent simultaneous occurrence 
of symmetric and asymmetric fission 
for nuclides of intermediate mass (and 
atomic) number suggests that the 
effect of closed shell formation is not 
too strong in these cases. As the energy 
of the particle inducing fission in- 
creases, so also does the excitation 
energy of the compound nucleus; closed 
nucleon shells, with their small excess 
energy, will then form less readily. 
Thus, symmetric fission becomes more 
and more important and eventually 
predominates, regardless of the mass 
of the nuclide undergoing fission. 


Tue CRITICAL ENERGY ror Fission 


13.66. The critical energy (or acti- 
vation energy) requisite for fission to 
occur is the energy that must be sup- 
plied to the original nucleus in order 
to deform it to the state C in Fig. 13.5, 
where the electrostatic repulsion en- 
ergy overcomes the surface energy 
resisting deformation. The repulsive 


"m 
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energy is proportional to Z?/A™* 
(§ 12.83) whereas the surface energy 
depends on 4? (§ 12.84). Hence the 
ratio of these two energies, which is 
determined by thé quantity Z°/A, for 
a given nucleus is a measure of the 
ease with which it will suffer fission. 
The larger the value of Z*/A, the 
smaller the amount of energy that 
must be supplied from outside sources 
to cause fission to occur. 

13.67. In their quantitative treat- 
ment, based on the liquid drop model, 
Bohr and Wheeler showed that if the 
electrostatic repulsion energy was more 
than twice the surface energy, a nu- 
cleus should undergo instantaneous 
fission. By utilizing the values for these 
energies given by the third and fourth 
terms on the right of equation (12.5), 
the condition for instantaneous fission 
is found to be 


zB 
0.710 qa > 2 X 17.84? 


or. 


ze 
q 2:0 


The closer Z?/A for a particular nu- 
cleus is to 50, the shorter should be the 
half-life for spontaneous fission. This 
. expectation is in approximate general 
agreement with observation, as stated 
earlier. It appears that Z?/A might be 
expected to have a value of 50 for a 
nucleus of atomie number about 115 
and mass number 265. Such a nuclide 
would be too unstable to exist for more 
than 10-” see or less. In view of the 
approximate nature of the caleulations 
using the liquid drop model, these 
limiting values must not be taken as 
exact. Nevertheless, it has been found 
that the half-lives for spontaneous 
fission, which is then the predominant 
mode of decay, are quite small for 
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species having values of Z?/A in excess 
of 40. 

13.68. If Z?/A is appreciably less 
than 40, fission cannot occur at a sig- 
nificant rate unless energy is supplied 
to the nucleus; this is the critical 
energy for fission. For plutonium-239, 
the value of Z?/A is 37.0, for uranium- 
233 it is 36.4, and for uranium-235 it is 
36.0; these are fairly high, but they are 
sufficiently less than the limiting value 
to require appreciable (deformation) 
energies for fission. The critical energy 
for uranium-235 after absorbing a 
neutron has been caleulated to be 5.5 
MeV, and similar values have been 
estimated for the other two fissile 
species. For lighter elements, such as 
bismuth, lead, and tantalum, Z?/A is 
about 30 or less, and the critical energy ^ 
for fission is quite large. It can now be 
understood why fission does not occur 
with these substances, although it 
should theoretically lead to a more 
stable state, unless the required energy 
is provided by a bombarding particle. 
The amount of energy that must be 
supplied to the nucleus to reach the 
critical deformation state (Fig. 13.3, C) 
is then some tens of million electron 
volts. 


Fission PorENTIAL ENERGY 
BARRIER 


13.69. An alternative point of view 
concerning the conditions for nuclear 
fission, which has some interesting as- 
pects, makes use of a potential energy 
diagram, such as that in Fig. 13.6, in 
which the energy of the fission frag- 
ments is plotted as a function of their” 
distance apart. The exact shape of the 
curve depends on the nature of the 
target nucleus, but the general form is 
as shown in the figure. At the extreme 
left of the diagram the fission frag- 
ments are supposed to be.brought to- 
gether, so that A represents the energy - 


of the target nucieus and an incident 
neutron.* At the extreme right, the 
fission fragments are at a considerable 
distance apart, and at D their inter- 
action is small, approaching zero. 


CRITICAL DEFORMATION ENERGY 
c 


POTENTIAL ENERGY 


DISTANCE BETWEEN FRAGMENTS 


Fic. 13.6. Potential energy curve for fis- 
sion. 


13.70. Between A and D lies a hypo- 
thetical barrier, somewhat similar to 
that which prevents an alpha particle, 
or other positively charged particle, 
from leaving the nucleus (§ 8.28). The 
top of the barrier, indicated by the 
point C, corresponds to the state of 
critical deformation of the nucleus. 
The curve from C to D represents the 
electrostatic repulsion, of the nuclei 
produced in fission, the energy de- 
creasing as the fragments move farther 
apart. If the mass (or energy) condi- 
tions are such that fission is theoreti- 
cally possible, that is to say, if the mass 
of the target nucleus plus that of the 
incident neutron exceeds the sum of the 
masses of the instantaneous fission 
fragments, then A will lie above D, as 
in Fig. 13.6; the potential energy of 
the system at A then exceeds that of 
the separate fission fragments at D. If 
the energy at A is such that it lies 
below D, then fission could not occur. 

13.71. Suppose fission is possible, as 


* Apart from the fact that A in Fig. 13.5 represent 
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in Fig. 13.6; then, if it is to take place, 
the system must pass from A to D. 
The obvious way for it to do so is for 
the incident neutron (or other particle) 
to supply enough energy to bring that 
of the resulting compound nucleus to 
a point lying above C. This occurs 
when a uranium-235 nucleus takes up 
a slow neutron, as will be shown in the 
next section. If the energy gained by 
the entry of the incident particle is 
insufficient to raise the energy from A 
to C, as is the case, for example, with 
uranium-238 and a thermal neutron, 
then fission will not occur. However, by 
using neutrons of 1 MeV energy, the 
energy of the system is increased so 
that it now lies above the point C, and 
fission takes place. 

13.72. The energy difference from A 
to C is the critical (deformation) en- 
ergy, and this must be supplied if 
fission is to occur at a measurable rate. 
In accordance with the discussion pre- 
sented earlier, the critical energy 
depends on the quantity Z*/A for the 
given nuclide. The larger the value of 
Z*/A, the more closely will the energy 
at A approach that of C. If Z?/A is 
sufficiently large, then the energy of 
the nucleus, even before taking up an 
incident particle, may already lie above 
C; if this particular nucleus was formed 
in some manner, it would undergo . 
instantaneous fission. 

13.73. It will be recalled that al- 
though an electrostatie potential bar- 
rier would appear to make it impossible 
for an alpha particle with insufficient 
energy to leave the nucleus of a radio- 
active element, there is nevertheless a 
certain probability that such particles, 
which are unable to surmount the 
barrier, will be expelled ($ 8.30). Some- ^ 


ts the compound nucleus already formed, 


whereas in Fig. 13.6 it applies to the target nucleus and the incident neutron before they com- 


bine, 
to the same conditions. 


i.e., without the binding energy of the neutron, the letters in the two figures correspond - 
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what similar conditions must be oper- 
ative in the case of nuclear fission. 
Even though the nucleus in its normal 
state does not have enough energy to 
permit it to pass through the critical 
deformation stage, the principles of 
wave mechanics require that there 
should be a definite probability that 
fission will take place. This is believed 
to be the cause of spontaneous fission 
in many instances. 


Neutron ENERGY AND FISSION 


13.74. There is no precise method 
known for calculating critical energies 
for fission, but the values given below 
are believed to be reasonably good. For 
uranium-238, the critical energy for 
fission after taking up a neutron is 
6.3 MeV, compared with 5.5 MeV, as 
stated above, for the rarer uranium-235 
isotope.* The difference of 0.8 MeV in 
favor of the latter would make this 
isotope more fissionable, but it alone 
would not account for the fact that 
thermal neutrons, with energy of a 
fraction of an electron volt, can cause 
fission of uranium-235, as compared 
with about a million electron volts re- 
quired for uranium-238. Even before 
any of the foregoing quantitative esti- 
mates were made, or any experimental 


information concerning the respective 


isotopes suffering fission by slow or fast 
neutrons was available, Bohr had 
predicted, in February 1939, that it 
was the lighter isotope, uranium-235, 
which was split by thermal neutrons. 

13.75. The basis of his argument 
was that, since uranium-235 has an 
even number of protons and an odd 
number of neutrons, whereas the com- 
pound nucleus formed by taking up a 
neutron has even numbers of both 


* The critical fission energies uo are really those of the compound nuclei formed by 

j a 2U, respectively. 

} Slightly different results from those Suus here may be found in the literature, due 1o 
the empirical constants in equation (12.5). 1 


absorbing a neutron, i.e., *9U an 


the use of somewhat different values for 
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kinds of nucleons, more energy is 
gained by this isotope than by ura- 
nium-238, an even-even nucleus which 
changes into one of the even-odd type 
when it takes up a neutron ($12.81 
et seq.). The compound nucleus formed 
by uranium-235 and a neutron will. 
thus be in a more energetic state than 
that resulting from the combination of. 
uranium-238 with a neutron; hence, 
Bohr argued, it is the uranium-235_ 
isotope which is more likely to undergo” 
fission when the nucleus takes up & 
slow neutron. 3 

13.76. Actually, when the detailed 
calculations were made by Bohr in con-- 
junction with Wheeler, it turned. out 
that both the critical deformation 
energy and the energy gained upon 
the entry of the neutron were impor- 
tant in determining the ease of fission. 
The latter quantity is numerically 
equal to the increase in binding energy 
resulting from the addition of an extra 
neutron to the target nucleus, uranium- 
235 or -238 in the cases under consider- 
ation, and hence it can be obtained 
with the aid of equation (12.5). First, 
the total binding energy is calculated 
for uranium-235, for which A is 235 
and Z is 92; then, the corresponding 
quantity is determined for the com- 
pound nucleus formed by the addition: 
of a neutron, which is an excited state 
of U, having A equal to 236 and Z 
to 92. The difference between these two 
binding energies represents the energy 
gained when a neutron of zero kinetic 
energy is taken up by a uranium-235 
nucleus; using equation (12.5) the. 
result is found to be 


B.E.G*U) — B.E.(5U) = 6.5 MeV.t 


Upon repeating the calculations for 
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uranium-238, for which A is 238 and 
Z is 92, and the corresponding com- 
pound nucleus (°U), with A equal to 
239 and Z to 92, the energy acquired 
when a neutron is added to the ura- 
nium-238 nucleus is given by 


B.E.(*U) — B.E.C*U) = 5.4 MeV. 


13.77. The significant difference be- 
tween these two values is mainly due, 
in accordance with expeétation, to the 
effect of the last term, i.e., the spin 
(or odd-even) term, in equation (12.5). 
In the first of the foregoing cases, the 
term makes a positive contribution of 
about 0.5 MeV tó the binding energy 
of U, but it is/zero for uranium-235; 
in the second case, on the other hand, 
the-eontribution is zero for U but it 
is about 0.5 MeV positive for the 
uranium-238 nucleus. The odd-even (or 
Spin) effect is thus responsible for ap- 
proximately 1 MeV of the difference in 
the energies gained by the twó uranium 
isotopes upon the addition of a neutron. 

13.78. In reviewing the results, it is 
seen that for uranium-238 a critical 
deformation energy of 6.3 MeV is 
necessary for fission, but it acquires 
only 5.4 MeV when it takes up à neu- 
tron of zero kinetic energy. Fission by 
thermal neutrons, with 0.03 eV energy, 
is thus highly improbable. It would ap- 
pear that the incident neutrons would 
need to have at least 6.3 — 5.4 = 0.9 
MeV of additional kinetic energy to 
make fission of uranium-238 possible. 
Experiments indicate that neutrons of 
about 1-MeV energy are required. The 
fission cross section of uranium-238 by 
1-MeV neutrons is 0.02 barn, but it 
inereases rapidly to 1 barn at just 
slightly higher energies. , 

13.79. With uranium-235, the situ- 
ation is quite different. Here the criti- 
cal deformation energy for fission is 5.5 
MeV, but more energy, namely, about 
6.5 MeV, is made available by the 
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capture of a slow neutron. It is evident 
that in this instance thermal neutrons 
should be capable of causing fission of 
the uranium-235 nucleus. As stated in 
$13.51, Bohr's predictions were con- 
firmed in 1940 when experiments with 
the separated isotopes showed that, 
whereas uranium-235 could be fissioned 
by slow neutrons, uranium-238 re- 
quired fast neutrons to cause fission. 

13.80. Estimates made for uranium- 
233 and plutonium-239 indicate that 
the critical deformation energies for 
fission are about 5.1 and 4.8 MeV, re- 
spectively. In both cases the target 
nuclei contain an even number of pro- 
tons and an odd number of neutrons, 
whereas the compound nucleus formed 
by the capture of a neutron has even 
numbers of both. The energy made 
available by taking up a slow neutron 
is about 6.6 MeV for uranium-233 and 
6.4 MeV for plutonium-239. Hence, 
thermal neutrons should be able to 
cause fission, as indeed they do, of both 
of these nuclides. 

13.81. Similar considerations explain 
the necessity for the use of high-energy 
neutrons to induce fission of thorium- 
232 (Th), protactinium-231 ({{Pa), 
and neptunium-237 C$1Np). Thorium- 
232 is an even-even nucleus and it 
changes to an even-odd nucleus upon 
taking up a neutron; the energy re- 
leased in the capture of a slow neutron 
is about 4.9 MeV, compared with 
about 6.0 MeV for the critical fission 
energy. The nuclei of protactinium-231 
and neptunium-237 contain an odd 
number of protons and an even number 
of neutrons, and the addition of 
another neutron converts them into 
odd-odd nuclei, which are known to 
have relatively low binding energies 
(812.95). The energy liberated in the 
absorption of a thermal neutron is 4.9 
and 5.5 MeV, respectively, whereas the 
critical fission energies are 6.0 and 6.6 
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MeV. In these three cases neutrons of 
about 1.1 MeV energy must be ab- 
sorbed to produce the critical defor- 
mation leading to fission. 

13.82. A general review of the 
changes in various types of nuclei 
resulting from the addition of a neu- 
tron shows that the liberation of energy 
is greater if the original nucleus con- 
tains an even number of protons and an 
odd number of neutrons or an odd 
number of both, than is the case for 
nuclei, in the same mass region, of the 
odd-even or even-even types. It is to 
be expected that nuclei of the former 
group are likely to undergo fission with 
slow neutrons, whereas fast. neutrons 
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would be required for the latter. Thus, 
uranium-233, uranium-235, and plu- 
tonium-239, which contain even num- 
bers of protons and odd numbers of 
neutrons, are fissile nuclides, as defined 
in 813.52, and can be fissioned by © 
neutrons of all energies. The odd-odd 
nuclei protactinium-232, neptunium- 
236 and -238, and americium-252 are 
also fissile. On the other hand, nep- 
tunium-237, with an odd number of 
protons and an even number of neu- 
trons, and thorium-232 and uranium- © 
238, which are of the even-even type, 
are fissionable species requiring fast 
neutrons to induce fission. 


PRODUCTS OF NUCLEAR FISSION 


PROPERTIES or Fission PRODUCTS 


13.83. A knowledge of the physical 
properties and the chemical nature of 
the products is important in connec- 
tion with the utilization of nuclear 
fission as a source of energy. These 
subjects have consequently been given 
careful study. Since the primary frag- 
ments carry off most of the fission 
energy as kinetic energy, they have 
high initial velocities, in the vicinity 
of 10° cm per sec. The actual speed 
of a given fragment depends on its 
mass, the value being somewhat 
greater than 10° cm per sec for the 
lightest nuclei and somewhat less for 
the heavier ones. In accordance with 
their high speed, the particles have 
appreciable penetrating power, in spite 
of their relatively large mass; the 
ranges in air vary from 1.95 em for 
the heaviest to 2.54 cm for the lightest. 
The neutrons and gamma rays formed 
in fission, and the beta particles result- 
ing from subsequent radioactive decay 


of the fission fragments have, of course, 
much greater penetrating power. 

13.84. Another point of interest con- 
cerning the fission fragments relates 
to the charges they carry. Hitherto, 
the orbital electrons have been com- 
pletely ignored, since fission is a nu- 
clear process. The uranium atom, 
however, has 92 electrons, and when 
fission takes place it appears that about 
40 of them are stripped off. Conse- 
quently, each fragment has approxi- 
mately 20 electrons less than the 
normal atom, and hence is, effectively, 
an ion carrying this number of positive 
electric charges. Such charged particles 
will naturally have considerable ion- 
izing power, as is exemplified by the 
use of fission chambers for the detec- 
tion of neutrons (§ 11.28). As already ^ 
noted, the earliest confirmation of the 
reality of fission came from a study of 
the ionization produced by the fission 
particles. 

13.85. Since the primary fission frag- 
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ments almost invariably have too large 
a proportion of neutrons for stability, 
they exhibit negative beta-activity,* 
Each fragment thus initiates a short 
radioactive series, involving the sue- 
cessive emission of beta particles. On 
the average, a fission decay chain} con- 
sists of three stages, although shorter 
and longer chains oceur frequently. Re- 
ferring to the possible fission fragments 
9iSr and !32Xe, indicated in $ 13.24, the 
stable nuclides with the same mass 
numbers, which will ultimately be 
formed in a series of beta decays, are 
$$Mo and '%La, respectively. In the 
former ease four, and in the latter 
three, beta particles would be expelled, 
making a total of seven. The mean 
value for a number of cases is found to 
be just over six, so that there will be 
an average of about three stages per 
decay chain. Some examples of fission 
decay chains will be given below. 
13.86. As seen in $13.33, there are 
about 90 possible fission fragments, 
and if most initiate chains with three 
stages, the fission. produets might in- 
clude more than 250 radionuclides. 
Hence, it is evident that the process of 
fission yields mixtures of very great 
complexity, especially as isomerie nu- 
clei and stable end-products have not 
been included in the foregoing esti- 
mate. It can be seen that the problem 
of determining the masses and atomic 
numbers of the fission fragments, as 
well as of identifying the members of 
the many decay chains, is one of great 
difficulty. Nevertheless, as the result of 
persistent and painstaking work, much 
of which was carried out in connection 


* i el; 
It appears that five stable nuclides, iem RATE 3 ion Sonac Rubidi edd 


and samarium-152 and -154 are present 
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with the wartime atomic energy proj- 
ect in the United States, more than 70 
chains have been established, and 
about 210 different radionuclides, as 
well as a number of isomers, have been 
assigned to them. 


SEPARATION AND IDENTIFICATION 
or Fission PRODUCTS 


13.87. In the study of the fission 
products, the first step is the isolation 
of the different elements. For this 
purpose, use is made of some of the 
previously known methods for dealing 
with minute amounts of radioactive 
material (§ 5.29 et seq.), and in addition 
some new procedures have been de- 
vised. Precipitation in the presence 
of a carrier is frequently employed, 
the latter being either a stable isotope 
of the desired material or a compound 
of an element with similar chemical 
properties. Because some precipitates 
have a marked tendency to adsorb, 
or to carry down with them in other 
ways, substances which are normally 
soluble, hold-back carriers are often 
added. Traces of the latter, rather than 
one of the fission products, are carried 
down by the precipitate. Extraction by 
means of an organic solvent and vola- 
tilization have found application in 
certain instances. The noble gases 
krypton and xenon occur among the 
fission products, and their removal is, 
of course, relatively simple. Electro- 
plating and displacement of one metal 
from solution by another are also em- 
ployed for separation purposes. 

13.88. One of the most difficult tasks 
is the separation and identification of 


ton-86, zireonium-96, neodymium-150, 


unusual in the respect that it emits both negative and positive beta-particles. 


J Although the term fission chain, without 
radioactive series produced in fission, it is lik 
reaction to be considered in Chapter 14. It is 


chain is meant here. 


ualification, is often used to describe these 


i to cause confusion with the fission chain 


irable, therefore, to specify that a decay 
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the rare-earth elements (§ 1.48), of 
which 12 are known to occur among 
the fission products. On account of the 
similarity of their properties, chemical 
separation methods are almost un- 
known and the tedious fractional erys- 
tallization methods, which had previ- 
ously been applied to achieve a partial 
separation of these elements, requiring 
large amounts of material and long 
periods of time, were useless. A remark- 
ably simple and ingenious solution to 
this problem was finally worked out; 
the procedure has had a significant 
influence in the study of the rare-earth 
elements, and also in other fields of 
chemistry. 

13.89. It has long been known that 
certain minerals behave like salts of 
4n-insoluble negative (acidic) anion, 
which constitutes the main framework 
of the mineral, and a soluble positive 
(basic) cation. When such a mineral 
is in contact with a solution containing 
a soluble salt, the positive cation of 
the latter is able to exchange places 
with the corresponding ion in the 
mineral until an equilibrium is estab- 
lished. The phenomenon of ‘‘base ex- 
change," familiar to soil scientists for 
well over a hundred years, is an illus- 
tration of this behavior. 

13.90. During the present century 
the principle of ton exchange has found 
considerable application in connection 
with the softening of hard waters on 
the industrial scale. The substances 
used for this purpose were either natu- 
ral minerals, known as zeolites, or, 
more commonly, artificial products 
resembling zeolites in composition and, 
in particular, in their cation exchange 
properties. The soluble ions in the 
solid zeolite are normally positive 
sodium ions, and if a hard water, con- 
taining calcium and magnesium salts, 


* Synthetic anion-exchan 
not, however, be considered here. 
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is passed through a column of the 
zeolite, an equilibrium is set up be- 
tween the various cations. As a result, 
the sodium ions from the zeolite pass 
into the water while the calcium and 
magnesium ions are substituted in the 
solid. Thus, the salts of calcium and 
magnesium, responsible for hardness 
in the water, are replaced by the 
corresponding sodium salts which are 
harmless. After a time, when most of 
the sodium ions in the zeolite have 
been removed, the mineral can be re- 
generated by passing through it a 
concentrated solution of sodium chlo- 
ride. Because of thé high proportion 
of sodium ions in the solution, the 
establishment of equilibrium now re- . | 
quires these ions to enter the zeolite, — 
replacing the calcium and magnesium 

ions in the spent material. y 

13.91. An important advance in the 
subject was made, during the 1930s, 
when it was found that certain syn- 
thetic organic resins containing acidic 
groups, such as carboxyl (—COOH), 
phenolic (—OH), or sulphonic acid 
(—SO,H) groups, exhibit cation-ex- 
change properties.* Such resins, nota- | 
bly of the Amberlite and Dowex types, — 
are manufactured in the United States 
and have found various applications in . 
industry, for the purification of water 
and for other purposes requiring the 
removal of ions from solution. 

13.92. Starting in 1942, largely due 
to the suggestions of G. E. Boyd and 
W. E. Cohn and their respective as- 
sociates at Oak Ridge National Labo- 
ratory, working in connection with the ~ 
wartime nuclear fission project, a | 
procedure was developed for the sepa- ' 
ration and purification of the rare- 
earth elements, in particular, by means 
of ion-exchange resins. The method 
used is somewhat as follows. A solution 


resins are also known, and have useful properties; they need 


Nuclear Fission 


containing the salts of the elements to 
be studied, obtained by a preliminary 
precipitation from the fission product 
mixture, is passed through a column 
packed with small particles of the solid 
resin. As a result, the rare-earth ions 
are almost entirely removed from the 
solution, being taken up by the top 
layers of the resin. A solution contain- 
ing a substance capable of forming 
complexes of varying stability with the 
several ions to be separated, commonly 
known as a complexing agent, is then 
allowed to flow slowly down the column 
of resin. Most of the earlier work done 
on the separation of the rare-earth ions 
was based on the use of a solution of 
ammonium citrate adjusted to a suita- 
ble acidity, i.e., to the optimum pH 
value, by means of citric acid.* Solu- 
tions of oxalic acid have also been 
employed, particularly to separate 
zirconium and niobium, which are not 
rare earths. 

13.93. As the complexing agent per- 
colates through the column, there is a 
competition between the solid resin 
and the citrate ions in solution for the 
rare-earth ions. The ionie species 
forming the most stable complexes 
with the citrate is extracted (or eluted) 
preferentially, so that this is found, to 
the virtual exclusion of the other ions, 
in the first solution to leave the col- 
umn. As the procedure continues, and 
the first ion is removed almost com- 
pletely, another:ion is eluted, and so 
on; the rare-earth ions are extracted in 
order of decreasing atomic number. In 
fact, it has been claimed that in a 
mixture of radioisotopes of the rare- 
earth ions the atomic number of a 
specific ion can be determined from a 


*In more recent work, other complexing 
acid from pH 3.8 to 10, have been ied: 
earth elements among the fission products, 
State College (now Iowa State Universi! 
elements in quantities and of a degree 
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curve giving the elution yield, ascer- 
tained from the radioactivity, against 
the volume of the solution emerging 
from the column (cf. Fig. 16.3). The 
fundamental principles of the extrac- 
tion process are quite complicated, but 
the actual technique is remarkably 
simple, especially in view of the striking 
results obtained.t 

13.94. No matter what procedure is 
used in the separation of the fission 
products, two tests of purity are in- 
variably employed. One is to study 
the rate of beta decay by means of a 
nuclear-particle counter, to see if it 
follows the familiar logarithmic equa- 
tion (§ 5.35). If the decay is not 
simple, the presence of an impurity, 
which may possibly be the daughter 
element, is indicated. An analysis of 
the decay curve, especially after further 
purification, often provides useful in- 
formation. The second test for the 
effectiveness of the separation is to 
examine the absorption of the beta 
particles by aluminum foils (§ 8.82); 
from the shape of the absorption curve 
certain conclusions can be drawn con- 
cerning the number of components 
present. 

13.95. Once a product has been 
identified, from the fact that its 
characteristic radioactivity follows the 
chemistry of a known element with 
which it is isotopic, a search is made 
for a possible radioactive parent, for 
this will be an element with an atomic 
number one unit less. In the course 
of time, too, a daughter element, with 
an atomic number one unit higher, 
will accumulate. In this way evidence 
is gradually collected which makes 
possible the establishment of a decay 


(eluting) agents, notably a-hydroxyisobutyric 


i of the ion-exchange method for the separation of the rare- 
+A significant development io m id Tf Sped r j; 


Iding and associates at Iowa 


inconceivable, 


), is the availability commercially of nearly all these 
purity that had previously been 


502 


chain starting with a direct fission 
fragment and ending with a known 
stable nuclide. A check on the correct- 
ness of the results is often provided 
by the half-lives which must fall into a 
more or less definite order, as explained 
in § 12.98 et seg., according as the mass 
numbers are odd or even. 

13.96. Since all the members of a 
given beta-decay chain are isobaric 
with one another, each chain has a 
definite mass number. The assignment 
of the proper mass number is a matter 
of some importance, and often of diffi- 
culty. One possibility is to show that 
a particular product is the same as a 
radioactive nuclide which has been ob- 
tained in an unequivocal manner, in 
one of the ways described in Chapter 
10. A good illustration is provided by 
the chain of which the 40-hr radioiso- 
tope of lanthanum is a member. There 
is probably only one stable form of this 
element, of mass number 139, which is 
known to undergo an (n,y) reaction to 
yield a 40-hr isotope; the mass number 
of the latter must be 140, and so this is 
also the mass number of the chain 
under consideration. 

13.97. Some use has also been made 
of the mass spectrometer to assign 
mass numbers. The procedure for rec- 
ognizing the stable end-products is 
quite straightforward, especially if 
these are gaseous, such as krypton and 
xenon. An ingenious modification of 
the method has been devised for the 
study of radioactive substances by 
A. J. Dempster and his associates at 
the University of Chicago. A mass- 
Spectrograph record is obtained on a 
plate, in the ordinary way, and this 

_ig placed in contact with an unde- 
veloped photographic film. The beta 
Particles emitted by the active product 
affects the latter, and so the mass posi- 
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tion can be readily located in the 
presence of other substances. If two 
or more active species should happen 
to be present, they can be identified 
by the rate of decay of the activities 
deposited on the plate of the mass 
spectrograph. 

13.98. As seen in Fig. 13.3, the plot 
of the fission yield against the mass 
number is an almost continuous smooth 
curve.* Consequently, the mass num- 
ber of a particular product can be de- 
termined from the fission yield, espe- 
cially in regions where the fission yield 
curve has a steep slope. The rate at 
which a given quantity of material 
undergoes fission can be readily ascer- 
tained by counting the fission fragments 
in an ionization chamber; suppose this 
is found to be f nuclei per second. After 
fission has taken place continuously 
for a period that is long in comparison 
with the half-life of a given product 
or of any of its precursors, the amount 
of the product will have reached an 
equilibrium or steady state value, 
when the rate of decay is equal to the 
rate of its formation. 

13,99, If, for a particular mass num- 
ber, y is the fission yield, expressed as 
a fraction of the total number of fis- 
sions, the rate of formation of the 
product is fy nuclei per second, and 
the rate of decay, as measured by the 
steady state activity, or saturation ac- 
tivity, will consequently have the same 
value. The saturation activity can be 
measured by means of a suitable 
counter, and since the fission rate f is 
known, the yield y can be calculated. 
This result can then be utilized to 
confirm or to assign the mass number. 


Fission Decay CHAINS 


13.100. By piecing together evidence 
obtained in various ways, it has been 


* The fission yields of a few nuclides lie above the curve; this seems to be related to the 
number of neutrons emitted in certain modes of fission. 
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possible to draw definite conclusions 
concerning the identities of the fission 
fragments and the products of their 
radioactive decay. Some of the results 
obtained have already been described, 
and a few others of special interest will 
be mentioned here. Although there are, 
on the average, three stages of beta 
emission in each fission decay chain, 
most chains are either longer or shorter. 
The shortest chains, involving one or 
two stages, generally occur at the 
beginning and end of both light and 
heavy groups; the longest chains are 
found around the middle of each group, 
where the fission yields are high (Fig. 
13.3). One of the longest series of dis- 
integrations among the lighter fission 
products is that of mass number 97; 
thus, 


short short 


short 
vy -—— 


ZKr— Rb —> Hert Sr 


13.101. A long chain in the heavy 
group is the one of mass number 143; 
thus, 


Xe — 25. ugs P 2d WBa 


13.102. Another chain worthy of 
mention is that of mass number 140, 
namely, 


168 lim 


because the 12.8-day “Ba was the 
product, resulting from the action of 
neutrons on uranium, which Hahn and 
Strassmann originally called “radium,” 
and which they later found to be 
separable from radium but inseparable 
from barium (§ 13.7). 

13.103. The chains of mass number 
99 and 147 are of particular interest 
because they have as members fairly 
long-lived isotopes of the elements of 
atomic numbers 43 and 61, respec- 
tively, whose existence in nature is 
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doubtful (§ 12.102 ef seg.). The chain 
of mass number e is 


Mo 525, 9943 XO sepu (stable), 


in which the nuclide of atomie number 
43 has a half-life of about 200,000 
years. This, incidentally, happens to 
be the active species of longest life 
that has thus far been found as & 
product of uranium fission. The mass- 
number 99 isotope of element-43, 
ealled technetium, is at present avail- 
able in appreciable quantities and in 
almost pure form. The element "of 
atomic number 61, named promethium, 
is obtained in the decay chain 


Nd HES 4761 273 18m. 


This 2.65-yr nuclide of mass number 
147 is one of the longest-lived isotopes 


17h 


Zr — $ 


72m 


$iNb —> $1Mo (stable). 


EA Ta g ra 130e 


of dement-61: Further consideration 
will be given to these elements in 
Chapter 16. 


13.7 d 


Lu —— Pr —3 Nd (stable), 


13.104. Among the fission products, 
there have been reported small amounts 
of #2Br, Rb, and '38Cs; these are of 


12.8 d 
149Xe —9 38s — !$5Ba —— La —> 


10? 149Ce (stable), 


interest because they are examples of 
shielded nuclides (812.97 footnote). 
Each of these species has two stable 
isobars with atomic numbers higher 
and lower by one unit, respectively; 
thus Br, for example, is “shielded” by 
the stable nuclides $28e and $5Kr. The 
significance of this situation is that 
“Br and the other shielded nuclides 
cannot be the products of beta decay, 
either positive or negative, for the 
positions which would have to be oc- 
eupied by the radioactive parents are 
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already filled by stable species. It fol- 
lows, therefore, that the shielded nu- 
clides observed among the fission 
products are either primary fission 
fragments, or else they might result 
from the expulsion of prompt neutrons 
by highly excited nuclei formed as a 
result of the splitting of the uranium 
nucleus, 

13.105. In conclusion, it may be 
pointed out that the fission of uranium 
has made available a large number of 
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radioactive nuclides which could not 
be obtained by the ordinary bombard- 
ment procedures. The neutron-to-pro- 
ton ratios of the products formed in the 


‘latter manner are usually not very 


different from those of the stable ele- 
ments. Because of the high neutron-to- 
proton ratio in uranium, however, the 
products of fission have much higher 
values of this ratio than can be ob- 
tained by the use of accelerated 
particles. 
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The Utilization of Nuclear Energy 


Chapter 14 


ENERGY FROM NUCLEAR FISSION 


Tux Concert or ATOMIC ENERGY ' 


14.1. The conception of the atom as 
a possible source of energy developed 
at the turn of the century, mainly as 
a result of the discovery of radio- 
activity. The fact that certain atoms 
could spontaneously eject electrically 
charged particles capable of producing 
ionization and affecting a photographic 
plate meant that energy was being 
liberated. The question then was: What 
is the source of this energy? Two differ- 
ent points of view were evidently being 
given consideration, for in a somewhat 
noncommittal paper published in 1902, 
Pierre and Marie Curie wrote: “Each 
atom of a radioactive substance func- 
tions as a constant source of energy." 
-. . In seeking to specify the origin 
of the energy of radioactivity, various 
suppositions can be made which group 
themselves into two general hypothe- 
ses: first, each radioactive atom pos- 
sesses in a state of potential (internal) 
energy the energy which it releases; 
second, the radioactive atom is a 


mechanism which continuously derives 
from outside itself the energy which it 
gives off." 

14.2. The possibility that a radio- 
element might have the property of 
extraeting energy from its surround- 
ings or from external radiation, and 
that this energy was utilized to eject 
alpha and beta particles, received sup- 
port, notably from W. Crookes and 
from Lord Kelvin, in spite of the fact 
that it appeared to contradict the 
second law of thermodynamics. But it 
was the alternative suggestion, that 
radioactive energy represented inter- 
nal energy of the atom itself, which 
was favored by A. H. Becquerel and, 
especially, by E. Rutherford and F. 
Soddy, and this view met with general 
approval. 

14.3. Incidentally, it was in the 
course of a discussion of the energy 
of radioactive change that Rutherford 
and Soddy made the suggestion that 
all atoms, and not only radioactive 
atoms, possess large amounts of en- 


* The i isled into thinking the source of energy remained constant because, as 
they fect ne of several years show that for uranium, thorium, radium and prob- 
ably also for actinium . . . the activity does not vary with time." The elements mentioned 
have, of course, relatively long half-lives, 80 that no variation in activity was observed during 
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the course of a few years. 
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ergy. Writing in 1903, they said: “All 
these considerations point to the con- 
clusion that the energy latent in the 
[radioactive] atom must be enormous 
compared with that rendered free in 
ordinary chemical: change. Now the 
radio-elements differ in no way from 
other elements in their chemical and 
physical behaviour. ... Hence there 
is no reason to assume that this enor- 
mous store of energy is possessed by 
the radio-elements alone. It seems 
probable that atomic energy in general 
is of a similar, high order of magni- 
tude, although the absence of [radio- 
active] change prevents its existence 
being manifested." 

14.4. In 1904, the famous English 
mathematical physicist and astrono- 
mer, J. H. Jeans, suggested an expla- 
nation of radioactive energy which was 
later proved to have a germ of truth, 
although it was based on the erroneous 
idea that all mass is electromagnetic 
in origin. “The mutual annihilation of 
two ether strains [electrical charges] of 
opposite kinds, i.e., the coalescence of a 
positive and a negative ion,” he wrote, 
"would . .. result in the disappear- 
ance of a certain amount of mass. . . 
[and] the process of radioactivity would 
consist in an increase of material energy 
at the expense of the destruction of a 
certain amount of matter.” In other 
words, Jeans thought the energy asso- 
ciated with radioactivity resulted from 
the mutual annihilation of positive and 
negative charges in the atom. It is now 
accepted that such annihilation would 
produce energy (§ 3.84), but it is cer- 
tain that radioactive energy does not 
arise in this manner, 

14.5. An explanation of the energy 
of radioactivity and, in fact, of atomic 
energy in general, can be given in terms 
of the Einstein relationship concerning 
the equivalence of mass and energy 
(§ 3.72). The energy accompanying ra- 
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dioactive change is equivalent to the 
difference between the mass of the par- 
ent nucleus, on the one hand, and 
that of the daughter element plus the 
emitted particle (or particles) on the 
other hand. It is of interest to mention 
that although Einstein did not consider 
radioactive energy in detail, he did 
indicate in 1905 that a possible test of 
the mass-energy equation might be 
found in the study of radioactivity. A 
similar suggestion was made eight years 
later by R. Swinne, in Germany, who 
thought that the Einstein equation 
might be verified by accurate deter- 
minations of the atomie weights of 
radioelements. The effects to be ex- 
peeted would be quite small, however, 
and consequently difficult to detect, 
especially when working with radio- 
active materials. 

14.6. In spite of the absence, at the 
time, of any direct verification of the 
mass-energy relationship, it seems to 
have influenced scientific thought on 
the subject of the origin of atomic 
energy. It was apparently realized that 
the energy of the atom was related to 
the mass changes resulting from the 
packing of its constituent units. In his 
book on The Electron, R. A. Millikan 
says: “Not long after 1905 [when the 
Einstein equation was published] pack- 
ing fractions were discussed in many 
physical laboratories as a source of 
energy; for, although Aston’s curve 
[Fig. 12.1] did not appear until the 
early twenties, the basic facts of 
‘atomic packing-fraction’ energy were 
widely discussed and even quantita- 
tively worked out for some atoms. . - 
long before that date." 

14.7. A particular case in point is 
the detailed consideration of the sub- 
ject by W. D. Harkins and E. D. 
Wilson (§ 12.2 footnote) in the United 
States in 1915. Basing their arguments 
on the postulate, which is not com- 


| 


| 
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pletely correct, that all atoms are built 
up from hydrogen, ie., from equal 
numbers of protons and electrons, they 
associated the stability with the ac- 
companying loss of mass and release 
of the equivalent amount of energy. 
The energy released in the formation 
of a gram atom, i.e., 4.00 grams, of 
helium from four gram atoms of hy- 
drogen was calculated to be nearly 
10?” calories, compared with values of 
the order of 10? to 10° calories for 
normal chemical reactions, "Energy 
involved in our ordinary chemical re- 
actions,” wrote Harkins and Wilson, 
“4s extremely small in comparison with 
that involved in the formation of the 
elements." 

14.8. It may be mentioned in the 
same connection that, in his Presiden- 
tial Address to the Mathematical and 
Physical Sciences Section of the British 
Association in 1920, A. S. Eddington, 
the renowned astronomer and mathe- 
matician, said: “A star is drawing on 
some vast reservoir of energy. . . . 
This reservoir can scarcely be other 
than the sub-atomic energy which, it 
is known, exists abundantly in all mat- 
ter; we sometimes dream that man will 
one day learn how to release it and use 
it for his service." He then went on to 
suggest that the energy is liberated in 
the stars as a result of the combination 
of hydrogen atoms to form the atoms 
of more complex elements, helium, in 
particular. 

14.9. The publication of Aston’s 
packing fraction curve (§ 12.3) in 1927 
revived interest in the problem of 
atomic energy, but the discussion re- 
mained somewhat academic until the 
early 1930s when the development 
of various methods for accelerating 
charged partieles led to the discovery 
of nuclear reactions accompanied by 
the release of large amounts of energy. 
These processes differed from radio- 


activity in the respect that they could 
be deliberately controlled, and were 
not restricted to elements of high mass 
number. à; 

14.10. Nevertheless, reactions with 
accelerated particles offered little pros- 
pect for the practical utilization of 
atomie energy. The reason may be 
given in the words of Rutherford, as 
expressed in his lectures on T'he Newer 
Alchemy, published in 1937; “The en- 
ergy released in the transformation of 
an atom of lithium by deuterons [in 
the ®Li(d,«)‘He reaction] is 22.5 million 
[electron] volts, nearly twice as great 
as the energy emitted during the dis- 
integration of any radioactive atom. 
Since transformation can be produced 
by a deuteron of energy 20,000 [elec- 
tron] volts, it is clear that there is a 
large gain of energy in the individual 
process. On the other hand, only about 
one deuteron in 10? is effective, so that 
on the whole far more energy is sup- 
plied than is emitted as a result of the 
transformation. . . . [Consequently,] 
the outlook for gaining useful energy 
by artificial processes of transforma- 
tion does not look promising." 

14.11. In his Sigma Xi lectures on 
Atoms, New and Old, delivered in 1938, 
E. O. Lawrence (§ 9.25) expressed his 
views on the prospect of utilizing 
atomic energy as follows: '*Whether it 
will be possible to release subatomic 
energy on a practical and profitable 
basis. . . [is a question] . . . of inter- 
est to everyone, and accordingly this 
has been a subject for much popular 
discussion and speculation. The fact 
is, at this time, that although we now 
know that matter can be converted 
into energy, we are aware of no greater 
prospect of destroying nuclear matter 
for power purposes than of cooling the 
ocean. . . and extracting the heat for 
profitable work. . .. The establish- 
ment of the great principle of mass- 
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energy equivalence is, however, a key- 
stone in the development of physical 
theory." 


NUCLEAR FISSION AS A 
Source or ENERGY 


14.12. Early in 1939, the outlook 
concerning the possibility of convert- 
ing mass into energy was suddenly 
changed by the discovery of nuclear 
fission (Chapter 13). In the fission of 
uranium-235 & thermal neutron, with 
energy of about 0.03 eV, releases about 
200 MeV, so that several billion times 
as much energy is produced as is car- 
ried by the incident particle. But, the 
importance of nuclear fission does not 
lie in this fact alone. The essential 
point is that the process is accompa- 
nied by the liberation of neutrons 
which are capable of causing fission of 
other uranium-235 nuclei (§ 13.37); 
these can produce more neutrons which 
cause further fission and so on. Thus, 
in principle, a single neutron could 
start off a branching chain of fissions, 
the number of nuclei involved increas- 

' ing at a tremendous rate. 

14,13. Suppose, for simplicity, that 
for each uranium-235 nucleus suffering 
fission two neutrons are liberated; if 
each of these causes fission, with the 
release of two neutrons in each case, 
there will be four neutrons available. 
These could induce fission in four more 
uranium-235 nuclei, accompanied by 
the emission of eight neutrons, the 
chain continuing, in theory, until no 
more fissile nuclei remain. 

14,14. The fission process would thus 
differ from other nuclear reactions in a 
highly significant respect: whereas, in 
the latter cases each incident particle 


* The watt is a unit of power, i.e., a rate of production or ex, 
107 ergs per sec; a kilowatt is 1000 watts. Other practical units 
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causes the transmutation of a single 
nucleus only, in the former, one neu- 


tron could, conceivably, lead to the - 


fission of all the uranium-235 present. 
The original neutron would thus act 
like a match applied to combustible 
material; the heat of the match flame 
causes part of the material to burn, and 


the resulting heat induces combustion - 


of other portions, until the whole is 
consumed and its energy liberated. 
Combustion is thus a thermal (or heat) 
chain process. In fission, however, the 
chain is maintained by neutrons. 


14.15. Before proceeding further [ 


with a discussion of the possibilities 
of nuclear fission, it is of interest to 
caleulate the amount of energy in- 
volved in terms of units more familiar 
to the engineer than are those of the 
physicist. It was seen in $3.33 that 
1 MeV is equivalent to 1.60 X 107* 
erg; hence the approximately 200 MeV 
liberated in a single fission is equal to 
3.20 X 10-* erg, which is 3.20 X 107" 
watt-sec.* It consequently requires 
3.1 X 10'° fissions to release 1 watt- 
sec of energy; in other words, fissions 
at the rate of 3.1 X 10'° per sec pro- 
duce 1 watt of power as heat. 

14.16. If the energy released per fis- 


sion is multiplied by the Avogadro num- - 
ber, 6.02 x 10 (81.60), the result, | 
6.02 X 10” X 3.20 X 10-* = 1.93 X 10” — 


ergs, or 1.93 X 10! watt-sec, is the en- 
ergy liberated in the fission of 1 gram 


atom,f i.e., of 235 grams of uranium- - 


235, 233 grams of uranium-233, OT 


239 grams of plutonium-239. Neglect- © 
ing the small mass difference between - 


the three fissile species, it follows that 
the complete fission of 1 gram releases 


8.2 X 107 ergs, which is 8.2 X 10" 


diture of energy, equal to 
requently used are the horse- 


wer, which is 746 watts, and the British thermal unit (Btu) of energy, which is 0.293 watt- 


our. 
t One 
(or nuclei), this being the Avogadro ni i 


atom, i.e., the atomic eei grams, contains 6.02 X 10* individual atom | 
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watt-sec or 8.2 X 107 kilowatt-sec; this 
is equivalent to 8.2 X 107/3600 — 
2.3 X 10* kilowatt-hours, or 2.3 X 
104/24 = 0.96 X 10* kilowatt-days. 
The (heat) power production corre- 
sponding to the fission of 1 gram of 
uranium or plutonium per day would 
thus be 0.96 X 10? kilowatts or roughly 
1000 kilowatts, i.e., 1 million watts or 
1 megawatt. To obtain the same 
amount of power by combustion would 
require more than 3 tons of coal or 
about 600 gallons of fuel oil per day. 
This comparison shows the much larger 
order of magnitude of nuclear energy 
as compared -with chemical energy 
(8 12.9). 


Tug NUCLEAR CHAIN REACTION 
AND THE ATOMIC BOMB 


14.17. The possibility of a nuclear 
chain reaction accompanying the fis- 
sion of uranium by neutrons was con- 
sidered in March 1939 by H. von 
Halban, F. Joliot, and L. Kowarski 
in France, by E. Fermi and by L. 
Szilard in the United States, and by 
others both in Europe and America. If 
such a chain reaction could be actually 
realized, then there was some prospect 
that the release of atomic energy or, 
more correctly, nuclear energy,” might 
become a practical and economic possi- 
bility. Naturally, the matter attracted 
widespread interest in the world of 
science, but there was one aspect which 
was the subject of serious considera- 
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tion. If the fission energy were lib- 
erated in a short time interval, as it 
might well be, since nuclear processes 
are rapid, the chain reaction could lead 
to a catastrophic explosion.t Thus a 
fission chain might conceivably form 
the basis of a powerful atomic bomb, so 
called because it would utilize the in- 
ternal energy of the atom.1 

14.18. In the early part of 1939, 
some scientists doubted the feasibility 
of a nuclear chain reaction, whereas 
others considered a fission chain possi- 
ble although it would not necessarily 
lead to an explosion. It was thought 
that if a uranium salt were dissolved 
in water the fast neutrons which are 
formed in fission would be slowed down 
so that the rate of propagation of the 
chain reaction would be diminished; 
thus the chance of an explosion would 
be lessened. Furthermore, it was sug- 
gested by F. Adler and H. von Halban 
and, independently, by F. Perrin in 
France that the introduction into the 
uranium-water system of a substance 
like cadmium, whieh is a strong ab- 
sorber of slow neutrons ($ 11.101), 
would permit the chain reaction tQ be 
controlled. The removal of sufficient 
neutrons would obviously interfere 
with: the propagation of the fission 
chain and could even stop it completely. 

14.19. Most of the ideas discussed 
at the time were largely based on spec- 
ulation, and it was clear that further 
experimental data were necessary be- 


* Since the energy of fission is actually due to a decrease of nuclear mass, resulting from a 


rearrangement of protons and neutrons, it should strictly be called nuclear energy. 
p historical name “atomic energy,’’ is still widely used. 


theless, the genera! 


Never- 


+ As far back as 1934, the Hungarian-born physicist, L. Szilard, then resident in England, 
conceived the idea of a neutron chain based on the reaction ?Be(n,2n)*Be (or 21He), in which 
one neutron is captured and two are released, accompanied by the liberation of energy. In 


the followin, 
and assign 


year, a patent application was filed in l secr 
to the British Government. The reason for the secrecy was Szilard’s conviction 


ngland, part being classified as secret 


that, if a nuclear chain reaction were possible, it could be used to produce violent. explosions. 
Although the general ideas were correct, it is now known that a neutron chain reaction with 


beryllium is not 


ossible. The reason is that neutrons of high energy are required 


for the 


(n,2n) reaction, but the neutrons liberated have relatively low energies, so that a chain 


could not be maintained. 


1 The detailed history of the project which led to the 


roduction of the atomic bomb is given 


by H. D. Smith in his report on ‘Atomic Energy for Military Purposes (see § 6.88 footnote). 
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fore any definite conclusions could be 
reached. It appeared reasonably cer- 
tain that a devastating explosion could 
be avoided by the use of water or other 
moderator (§ 11.36) to slow down the 
neutrons, and by including in the sys- 
tem a substance of high cross section 
for the capture of slow neutrons. But 
nothing could be stated definitely 
about the conditions under which the 
propagation of a fission chain reaction 
might be realized. By the middle of 
1940, however, sufficient information 
had been accumulated to suggest that 
a chain reaction could be established 
and controlled by using slow neutrons 
to carry the fission chain. On the other 
hand, a fast-neutron fission chain might 
take place with extreme rapidity, thus 
making possible an atomic bomb. 
14.20. A simple calculation will show 
the tremendous amount of explosive 
power that such a bomb might possess. 
From the data in § 14.16, it follows 
that the fission of all the nuclei in 
1 kilogram, i.e., 1000 grams, of fissile 
material would produce 8.2 X 10° ergs 
of energy. In an explosion, however, 
the energy of the gamma-ray photons 
and neutrons, is lost by escape of the 
particles, and the decay energy of the 
fission products, that is released over 
a period of time, would not be avail- 
able. Hence, of the 203 MeV fission 
energy, only the 167 MeV kinetic en- 
ergy of the fission fragments contrib- 
utes to the explosion. The explosive 
energy that might be obtained from 
1 kilogram of fissile material is thus 
6.7 X 10?" ergs, which is equivalent to 
1.6 X 10" calories. It is generally as- 
sumed that the explosive energy of 
1 ton of TNT* is 10° calories; hence, 
the relatively small amount of 1 kilo- 
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gram, i.e., a little over 2 pounds, of 
fissile material would have the explo- 
sive power of 16,000 tons, i.e., 16 
kilotons, of TNT. One of the basic 
requirements of an explosion is that — 
the energy be released in a very short 
time interval; it will now be shown 
that this is indeed possible in a fission 
chain. 

14.21. Although from two to three 
neutrons are usually produced, on the 
average, for each nucleus undergoing 
fission ($ 13.41), not all of them are 
available for causing more fissions.. 
Some of the neutrons escape altogether 
and others are removed in nonfission’ 
reactions. Suppose that when a nucleus 
absorbs a neutron and suffers fission, 
f neutrons are released; let | be the 
number of neutrons lost, in one way 
or another, for each fission. There will 
then be f — l neutrons available to 
carry on the fission chain. If there are 
N neutrons present at any instant, 
then as a result of their capture by 
fissile nuclei N(f — l) neutrons will be 
produced at the end of one genera- 
tion; hence, the increase in the num- 
ber of neutrons per generation is 
N(f —0) —N or N(f —1 — 1). For 
convenience, the quantity f — | — 1, 
which is the increase in neutrons per 
fission, will be represented by x. If r 
is the time between successive fission 
generations, then the rate at which the 
number of neutrons increases is given 
by 


Rate of neutron increase = Nz/r. 
The solution of this equation} is 
N = Net", 


where No is the number of neutrons | 
present initially and N is the number — 


* TNT is the recognized abbreviation for the common chemical explosive 2,4,6-tri-nitro- 


toluene. 


{In mathematical form, the equation may be written as dN/dt = Nz/r; except for the 
absence of the negative sign, this is similar to equation (5.1) and the solution is analogous to 


equation (5.3). 
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present at a time ¢ later. The quantity 
t/r is the number of fission generations 
that have elapsed during the time t, 
and if this is represented by g, it follows 
that 


N = Nee. (14.1) 


14.22. If the value of z is known, 
equation (14.1) ean be used to calcu- 
late either the neutron population after 
any prescribed number of generations 
or, alternatively, the generations re- 
quired to attain a partieular number 
of neutrons. For uranium-235, f is 
about 2.5, | may be taken as roughly 
0.5, so that z, which is equal to 
f—l— 1, is close to unity; equa- 
tion (14.1) may thus be written as _ 


Ne Nw? or N 2 Nol0e?s, (14.2) 


A gram atom, i.e., about 240 grams, 
of uranium or plutonium contains 
6 X 10% atoms (or nuclei) and its com- 
plete fission would require this number 
of neutrons. Hence, the fission of all 
the nuclei in 1 kilogram, i.e., 1000 
grams, of fissile material would require 
a total of about 2.5 X 10?* neutrons. 
Starting with a single neutron in a 
fission chain, ie., No = 1, it follows 
from equation (14.2) that a value of 
N = 2.5 X 10% neutrons would be 
reached after some 56 generations. 
Under the conditions that would be 
necessary to produce an explosion, the 
fission chain generation time would be 
approximately 10-5 sec, i.e., 0.01 micro- 
second (§ 7.124 footnote). Hence, the 
56 generations would represent, an in- 
terval of approximately half a miero- 
second, This means that in about half 
a millionth of a second enough neu- 
trons could be generated in a fission 
chain, starting with a single neutron, 
to cause the fission of all the nuclei in 
1 kilogram of fissile material. As stated 
above, the energy released would be 
equivalent to that in some 16 kilotons 
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of TNT, and its liberation in such a 
short time could lead to a powerful 
explosion. 

14.23. It is of interest that most of 
the fission energy is generated even 
more rapidly than the foregoing cal- 
culation would imply. It can be seen 
from equation (14.2) that the number 
of neutrons present, and thus the 
amount of energy released by fission, 
increases by a factor of ten in each 
2.3 generations. Hence, since it requires 
somewhat over 56 generations to cause 
the fission of 1 kilogram of fissile mate- 
rial, 10 kilograms will undergo fission 
in about 58.5 generations, 100 kilo- 
grams in just less than 61 generations, 
and so on, Consequently, under the 
appropriate conditions, the fission en- 
ergy could be generated in less than a 
microsecond, regardless of the amount, 
within reason, of the fissile material 
present. In every case, the major frac- 
tion of the energy release occurs in the 
last. few generations; thus, according 
to equation (14.2), 99.9 percent of the 
energy of the fission chain is produced 
during the last 4.6 generations and 90 
percent in the last 2.3 generations. The 
energy is thus liberated at an enormous 
rate. 


MATERIALS FOR AN 
Atomic BOMB 


14.24. Since there was a prospect 
that nuclear fission might form the 
basis of a weapon of unusual military 
interest, a voluntary system of review 
was set up in the United States in. 
April 1940, with the result that publi- 
cation of reports on the subject ceased. 
Consideration of all aspects of the pro- 
duction of a possible atomic bomb, 
however, was continued in secrecy. As 
seen in Chapter 13, it was generally 
known at the time that uranium-235, 
the isotope present to the extent of 
only 0.72 percent, i.e., one part in 139, 
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in ordinary uranium, can be fissioned 
by both slow and fast neutrons, al- 
though the fission cross section is much 
smaller for the fast neutrons. The most 
abundant isotope of uranium, of mass 
number 238, however, does not under- 
go fission with slow neutrons, but does 
so when subjected to the action of fast 
neutrons. It was also known in 1940 
that, for each uranium-235 nucleus suf- 
fering fission by slow neutrons, there 
are expelled between two and three 
neutrons of high energy. The largest 
proportion of these are the prompt 
neutrons emitted virtually simultane- 
ously with the fission process, but a 
small fraction, about 0.65 percent, are 
delayed neutrons (§ 13.47). 

14.25. These facts all had a bearing 
on the practicability of the nuclear 
chain reaction; in addition, by the end 
of 1940 or early 1941, other informa- 
tion of considerable significance came 
to light. The uranium-238 nucleus was 
known to have an appreciable cross 
section for the resonance capture of 
slow neutrons of 6 to 200 eV energy, 
leading to the formation, by the (n,7) 
process, of uranium-239 (§ 11.49). 
Consequently, although uranium-238 
would not suffer fission when exposed 

' to slow neutrons, it could capture some 
of the neutrons in the system and thus 
interfere with the propagation of the 
fission chain of uranium-235. It is 
probable that slow neutrons would 
produce fission in uranium-239, but 
this artificial isotope has a half-life of 
only 23.5 min, decaying with the emis- 
sion of a negative beta-particle to form 
neptunium-239. The latter is also beta- 
active, its half-life being 2.3 days, 
yielding as product the highly impor- 
tant, long-lived, artificial nuclide, plu- 
tonium-239; as seen in Chapter 13, this 


*The E ossibility that the nuclide 4°94 e AT mi, 


and be 


ionable by slow neutrons was 
May 1940. 
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substance undergoes fission with slow; 
and hence also with fast, neutro: 

14.26. Although uranium-238 is 
sionable by fast neutrons, it did ni 
seem probable that a fast-neutron fis 
sion chàin could be maintained eit] 
in this material or in natural uranium 
In addition to the nonfission captur 
of neutrons by uranium-238, there is 
another, more important, reason fom 
this situation. As a result of inelasti¢ 
collisions with uranium nuclei (§ 11. 61), 
the energy of the fission neutrons is 
very rapidly reduced to below 1 M. 
when they are no longer able to cai 
appreciable fission in uranium-238. O 
the other hand, uranium-235 is fissio 
able by neutrons of all energies; even 
if the fast neutrons accompanying fis- 
sion are slowed down to some extent) 
the fission chain can still be main= 
tained. Hence, uranium considerab! 
enriched in the isotope of mass numbi 
235 might be used in the so-called 
atomie bomb. Since there is a loss of 
neutrons by escape from the exterior 
surface, the relative importance 
which decreases with increasing siz 
it appeared that a certain minimum 
quantity of fissile material would b 
necessary if- the chain propagation, 
leading to an explosion, was to b 
maintained (8 14.81). Preliminary est 
mates indieated that this minim! 
might be somewhere between 1 a 
100 kilograms of pure uranium-2 

14.27. It was shown in § 14.20 thai 
the complete fission of 1 kilogram, i.e: 
2.2 pounds, of a fissile material woul 
result in the release of an amount 
energy roughly equivalent to that d 


potentialities of an atomic (nucle 
energy) bomb, even if only a few 


t be formed from uranium-2¢ 
urner in the United States 
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cent of its energy could be released 
explosively, it appeared desirable, in 
spite of the obvious difficulties of the 
task, to consider the prospects for the 
large-scale separation of uranium-235 
from ordinary uranium. An investiga- 
tion of the problem was initiated in the 
summer of 1940; several methods were 
tried out, as mentioned in Chapter 6, 
of which the gaseous diffusion proce- 
dure with uranium hexafluoride proved 
to be the most successful. 

14.28. Simultaneously with the inter- 
est in the separation of uranium-235, 
a study was made of plutonium-239 
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which could be obtained as a result of 
the action of neutrons on the abundant 
uranium-238 isotope, as stated above. 
Since plutonium was believed to be 
fissionable by both slow and fast neu- 
trons, it was realized that it might 
provide an alternative to uranium-235 
for use in an atomic bomb. Hence, 
consideration was given to the question 
of producing plutonium in appreciable 
amounts. This matter’ is connected 
with the problem of the operation of a 
controlled chain reacting system, and 
so it will be examined more fully. in 
§ 14.65 et seq. 


THE NUCLEAR CHAIN-REACTING SYSTEM 


CONDITIONS FoR CONTROLLED 
CHAIN REACTION 


14.29. In order to ascertain whether 
a controlled slow-neutron chain reac- 
tion was feasible, it was first necessary 
to decide upon a suitable substance to 
reduce the speed of the neutrons, i.e., 
to act as a moderator. From prelim- 
inary experiments, made by H. von 
Halban and his associates in France, 
it appeared that a chain reaction might 
be maintained with slow neutrons and 
a solution of a uranium salt in ordinary 
water. It was soon realized, however, 
that the relatively large cross section 
for the absorption of slow neutrons by 
hydrogen rules out the use of water as 
a moderator, at least with uranium 
containing the normal proportion of 
the isotope of mass number 235. . 

14.30. Of the other substances men- 
tioned in Chapter 11 as possible moder- 
ators, heavy water (deuterium oxide) 
and carbon appeared to offer the best 
prospects. Beryllium would have been 
suitable, but there seemed little hope 


*In June 1940, when France fell im ues and Kowarski escaped 
tly enough data weré obtained with it by the 


ized, but Aper 
end of 1940 to indicate that a uranium-heavy water system would maintain a fission 


about 180 liters of heavy water whic! 
for a chain reaction to be 


of obtaining adequate amounts in pure 
form. The French workers evidently 
decided to experiment with heavy wa- 
ter,* but in the United States, at the 
suggestion of E. Fermi and L. Szilard, 
efforts were concentrated on carbon, 
in the form of graphite, as a moderator, 
because of its availability. At the same 
time steps were taken, in conjunction 
with Canadian scientists, to speed the 
large-scale production of heavy water 
(86.118). Because of the successful 
results obtained with graphite, how- 
ever, and also because of the conven- 
ience of using a solid moderator, heavy 
water played a relatively minor role in 
the wartime atomic energy project. 
But since it has many advantages as & 
moderator, it has been extensively em- 
ployed in later years. 

14.31. During World War II, Ger- 
man scientists, directed by W. Heisen- 
berg ($ 3.46), tried a system consisting 
of a large number of uranium metal 
cubes, total weight 1.5 tons, suspended 
in a tank containing 1.5 tons of heavy 


to Englani 
obtained from Norway. This was insufficient 
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water, with a graphite reflector. Ac- 
cording to Heisenberg, this was still 
too small to maintain a fission chain. 
But, before any increase in the amount 
of uranium was possible, the village of 
Haigerloch, where the later experiments 
were being conducted in a cellar cut 
out of solid rock, was occupied by U. S. 
troops on April 22, 1945. 

14.32. For the maintenance of a 
chain reaction it is not necessary that 
every neutron produced in fission 
Should be able to initiate another fis- 
sion. The minimum condition is that 
for each nucleus undergoing fission 
there shall, be produced, on the aver- 
age, at least one neutron which causes 
fission of another nucleus. This condi- 
tion is conveniently expressed in terms 
of a multiplication factor or reproduc- 
tion factor of the system, defined as 
the ratio of the number of neutrons 
produced by fission in any one genera- 
tion to the number in the immediately 
preceding generation. If the multipli- 
cation factor, represented by k, is 
exactly equal to (or greater than) unity 
a chain reaction will be possible, but 
if k is less than unity, even by a very 
small amount, the chain cannot be 
maintained. Suppose, for example, a 
particular generation starts with 100 
neutrons; if the multiplication factor is 
unity, there will be 100 neutrons at the 
beginning of the second generation, 100 
at the third, and so on. Once it has 
started, the fission will continue at the 
same rate as at the commencement. 

14.33. If k is greater than unity, 
say, 1.05, it would be possible to start 
with 100 neutrons, which would pro- 
duce 100 X 1.05, i.e., 105 at the com- 
mencement of the second generation; 
the number of neutrons would thus 
increase from one generation to the 
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next. The number of neutrons present 
at the end of g generations would be 
given by equation (14.1) with No equal 
to 100 and z equal to k — 1, i.e., 0.05 
in the present case.* Hence, after 100 
generations, for example, the number 
of neutrons present would be 14,800. 
A few neutrons could thus initiate a 
growing chain of fissions; to prevent 
such a chain from going out of control, 
a neutron absorber could be introduced 
into the system. On the other hand, if 
the multiplication factor were less than 
unity, 0.95 for instance, the number of 
neutrons would be reduced from 100 
at the beginning to 95 at the com- 
mencement of the second generation. 
In this situation k — 1, i.e., x in equa- 
tion (14.1), is equal to —0.05, and the 
number of neutrons would be reduced 
from 100 to one in about 92 genera- 
tions. It is obvious that the chain 
cannot be propagated under these 
conditions. 

14.34. The value of the multiplica- 
tion factor in any system consisting 
of uranium and a moderator depends 
on the relative extents to which the 
neutrons take part in four main proc- 
esses. These are: (a) complete loss of 
neutrons by escaping from the system; 
(b) nonfission capture, as a result of the 
(n,y) reaction, mainly in uranium-238 
but also to some extent in the less 
abundant uranium-235; (c) nonfission 
capture, often referred to as parasitic 
capture, by the moderator and by var- 
ious extraneous substances, such as 
impurities in the uranium and in the 
moderator, and by fission products; 
and, finally, (d) fission capture of slow 
neutrons by uranium-235, or of fast 
neutrons by both uranium-238 and 
uranium-235. In all four of these proc- 
esses neutrons are removed from the 


* It should be noted that in an atomic bomb the conditions are such that k is approximately 
2 and z is about 1, as assumed in § 14.22. The rate of increase of the neutron density is thus 
very much greater than it is in the controlled fission chain under consideration here. 
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system, but other neutrons are gener- 
ated in the fourth process, ie., the 
fission reaction, to replace them. Hence, 
if the number of neutrons produced in 
the latter process exceeds the total 
number lost by escape and by fission 
and nonfission capture, there will be a 
net gain of neutrons in each generation. 
The multiplication factor will then 
exceed unity and a chain reaction 
should be possible, at least in principle. 

14.35. Several procedures have been 
suggested for calculating the multi- 
plication factor for a given uranium- 
moderator system. The most straight- 
forward of these is the one proposed 
by E. Fermi (Fig. 14.1) and developed 


Fig. 14.1. 


Enrico Fermi (1901-1954). 
(Argonne National Laboratory) 


by himself, and by E. P. Wigner and 
others associated with the wartime 
atomie energy project in the United 
States. It is not possible here to do 
more than outline the general approach 
to the problem.* 


Tue Inrintre MEDIUM 
MULTIPLICATION FACTOR 


14.36. Of the four neutron processes 
mentioned in § 14.34, the last three, 
namely, (b), (c), and (d), are depend- 
ent only upon the composition of the 
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chain-reacting system, i.e., upon the 
nature of the materials present, their 
relative amounts, and their arrange- 
ment. The first process, that is, the 
escape of neutrons, frequently referred 
to as neutron leakage, is influenced, 
however, by the geometry, i.e., by the 
size and shape of the system. It is 
convenient, therefore, to divide the 
multiplieation factor into two parts, 
one of which is a property of the 
materials and the other of the geom- 
etry. The former is called the infinite 
medium multiplication factor and is 
represented by the symbol ke. It is 
defined as the ratio of the number of 
fission neutrons of any one generation 
to the number in the immediately pre- 
ceding generation in a system of infinite 
size. Hence, in view of the definition 
of the multiplication factor k in § 14.32, 
it is seen that k, is the value in a 
system so large that there is no loss 
of neutrons by leakage. It is then 
possible to write 


k = keP, 


where P, called the nonleakage proba- 
bility, depends upon the geometry; it 
is the probability that fission neutrons 
will remain in the system of finite size 
and not escape before being absorbed. 
In order to distinguish the two factors 
k and ka, the former is generally known 
as the effective multiplication factor.t 
14.37. A convenient way of express- 
ing the infinite medium multiplication 
factor, in terms of measurable or cal- 
culable quantities, is to consider the 
fate of a particular generation of neu- 
trons. Suppose that n fast (fission) , 
neutrons are present in the system at 
the beginning of this generation, in & 
system consisting of natural uranium 
and a moderator, such as graphite. 


* A related procedure was used by the French scientists referred to in § 14.17. 
„t In the technical literature, kis written as kerr, but the subscript is omitted here for sim- 


plicity. 


516 


Before their velocity is decreased ap- 
preciably, a few of these neutrons will 
cause fission of uranium-238 nuclei, 
and also, in view of their smaller pro- 
portion, of a negligible number of 
uranium-235 nuclei. Since more than 
one fast neutron is liberated in each 
act of fission, this will result in a slight 
increase in the number of available 
neutrons. Allowance for the effect may 
be made by multiplying by a quan- 
tity e, which is called the fast fission 
factor, having a value slightly in excess 
of unity, frequently about 1.03. 

14.38. As the me neutrons move 
through the uranium-moderator sys- 
tem, they will undergo many elastic 
collisions with nuclei of the moderator 
(graphite), and inelastic collisions with 
uranium nuclei, as a result of which 
their energy (and speed) is rapidly 
decreased. While they are slowing 
down through the resonance region of 
uranium-238, which extends from about 
6 to 200 eV, there is a chance that some 
neutrons will be captured. Allowance 
for this can be made by means of a 
factor p, named the resonance escape 
probability. It is always less than unity, 
and is a measure of the probability 
that any fast neutron will reach the 
thermal region without suffering non- 
fission capture. Consequently, nep is 
the number of fast neutrons, compared 
with the n originally entering the sys- 
tem, which survive slowing down (or 
thermalization) by the moderator. The 
value of p, as will be seen below, 
depends largely on the relative pro- 
portions of the graphite and uranium 
in the system, as well as upon their 
geometrical arrangement. When the 
energy of the neutrons has been re- 
duced to the thermal region, they will 
diffuse in the moderator, the distribu- 
tion of energy remaining essentially 
constant (§ 11.39), until they are ulti- 
mately absorbed either by the uranium, 
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by the graphite, or by any impurities 
or other substances which may be 
present. If f, referred to as the thermal 
utilization factor, is the fraction of the 
thermal neutrons taken up by uranium 
nuclei, some of which undergo fission, 
it follows that nepf represents the num- 
ber of neutrons involved in this proc- 
ess, The thermal utilization factor, like 
the resonance escape probability, is 
governed by the composition of the 
uranium-graphite mixture, and also by 
its geometrical arrangement. | 
14.39. Finally, let » be the average ~ 
number of neutrons produced by fission 1 
for each thermal neutron absorbed by | 
the uranium, then nepfy is the number. — 
of fast neutrons generated as the result, 
of the admission of the n original fast 1 
(fission) neutrons to the system. The 
n fission neutrons of the first generation 
have thus produced nepfz similar neu- — 
trons of the second generation; hence - 
the infinite medium multiplication fac- 
tor ke is, according to its definition 
given by 


ke zeh = epfn. (01439 


In the design of a self-sustaining, 
chain reacting system it is necessary, 
as seen above, to make it practical for 1 
this quantity to be somewhat greater 
than unity. | 
14.40. In order to ensure that the ~ 
nuclear reaction chain will propagate 
itself, once it has been initiated, both - 
p and f should be as large as possible, 
although they are, of course, always i 
less than-unity. It is an unfortunate - 
circumstance that such changes in the 
relative proportions of uranium ano 
a particular moderator as cause one of — 
these factors to increase, result in 8 ^ 
decrease of the other. If the system © 
contains a large amount of the moder- 
ator as compared with the uranium, | 
the resonance escape probability p will 1 
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be increased, since there is a greater 
chance that the neutrons will reach 
the thermal region without suffering 
nonfission capture by uranium-238. 
Conversely, a smaller proportion of 
uranium, and hence of uranium-235. 
nuclei, in the system means that the 
thermal utilization factor f will be 
diminished. Similarly, it can be readily 
seen that if the ratio of moderator to 
uranium is decreased, the value of p 
will also decrease, but f will inerease 
at the same time. In actual practice, 
therefore, it is necessary to find the 
particular composition of the system 
which gives the maximum value for 
the product pf. 

1441. One fairly obvious way in 
which the difficulty concerning the op- 
positely directed changes in p and f 
could be overcome would be to use 
“enriched” uranium, i.e., uranium con- 
taining à greater abundance than nor- 
mal of the isotope of mass number 235. 
This would have the effect of increasing 
both p and f for a given proportion of 
moderator, since the chances of escap- 
ing resonance capture by uranium-238 
and of causing thermal fission of 
uranium-235 would both be greater. 
By employing euriched uranium it is 
therefore possible to decrease the 
amount of moderator and still have a 
controllable chain reaction. Reference 
to the use of enriched, chain reacting 
systems of this kind will be made in 
Chapter 15. 


HOMOGENEOUS AND HETEROGENEOUS 
SYSTEMS 


14.42. In the foregoing discussion, it 
has been mentioned that the values of 
both p and f are dependent upon the 
geometrical arrangement of the ura- 
nium and moderator. The simplest 
arrangement would be a uniform mix- 
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ture of the graphite and uranium, 
either as metal or a compound. This 
is referred to as a homogeneous system. 
But calculations, based on measured 
neutron cross sections at various ener- 
gies, showed that the maximum possi- 
ble value for k, in & homogeneous 
system of natural uranium and graphite 
is 0.80. Consequently, the maintenance 
of a chain reaction would be impossi- 
ble. Fortunately, however, Fermi and 
Szilard realized vhat, for a given 
uranium-graphite composition, the in- 
finite medium multiplication factor 
might be increased by building a hetero- 
geneous system, i.e., a lattice consisting 
of fairly large lumps of uranium (or 
uranium oxide) imbedded in a mass of 
graphite.* 

14.43. Upon entering a lump of ura- 
nium, neutrons with energies in the 
resonance region, where the cross sec- 
tions are very high, are essentially all 
captured in the outer layers. As a re- 
sult, the material in the interior is 
shielded from resonance neutrons; the 
resonance absorption of neutrons by 
uranium nuclei in a lump is conse- 
quently appreciably less than if the 
uranium was dispersed in the form of 
single atoms or as very small particles, 
Hence, the use of a lattice consisting 
of lumps of uranium increases the value 
of p, the resonance escape probability. 
It is true that there is an accompany- 
ing decrease in the thermal utilization 


factor f, but this is relatively small, 


Theoretical calculations, which have 
been confirmed by experimental meas- 
urements, show that, at least with 
lumps up to a certain size, the gain 
in p more than offsets the decrease in f; 
consequently the product pf is in- 
creased by using relatively large pieces 
of uranium. The maximum value for 
ke, with the optimum arrangement of 


* A similar conclusion was reached independently by H. von Halban, et al. ($ 14.7) for 


other moderators. 
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natural uranium in the graphite lat- 
tice, was estimated to be 1.07, and so 
a heterogeneous chain reacting system 
should be possible with these materials, 


CRITICAL SIZE OF A 
Cuarn-REACTING SYSTEM 


14.44. The requirement for the main- 
tenance of a fission chain is that the 
effective multiplication factor k must 
be at least equal to unity (§ 14.32). 
Since, in the case considered above, 
k, has a maximum value of 1.07, it 
follows that the nonleakage probabil- 
ity P must not exceed 0.93; that is to 
say, the rate of loss of neutrons by 
leakage must be kept below about 7 
percent of the rate of formation in the 
fission process. The proportion of neu- 
trons lost by leakage, relative to those 
which cause fission and produce more 
neutrons, can be diminished by in- 
creasing the size of the system. The 
escape of neutrons occurs at the ex- 
terior, but fission, accompanied by 
production of neutrons, takes place in 
the interior of the uranium-moderator 
lattice. The number of neutrons lost 
by escape thus depends on the external 
surface area, whereas the number of 
fission neutrons released is determined 
by the volume. To minimize the loss 
of neutrons by escape it is necessary, 
therefore, to decrease the ratio of area 
to volume; this can be done by having 
the system as large as convenient, 
preferably in the form of a sphere.* 

14.45. The critical size of a system 
containing fissile (and fissionable) ma- 
terial is defined as the size for which 
the number of neutrons produced in 
the fission process just balances those 
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lost by leakage and by capture. The 
critical size is not a constant, but de- 
pends on the isotopic composition of 
the uranium, the proportion of moder- 
ator, the shape and arrangement of the 
materials, and the presence of various 
substances causing parasitic capture of 
neutrons. If a system is smaller than 
the critical size, i.e., subcritical, neu- 
trons are lost at a greater rate than 
they are replenished by fission, and so 
a self-sustaining, chain reaction will 
be impossible. It is essential, therefore, 
that the size of the uranium-moderator 
lattice- should be equal to or larger 
than the critical value, i.e., supercrit- 
ical, if the fission chain is to be main- 
tained. Some attempts were made in 
1939, by F. Perrin in France and by. 
S. Flügge in Germany, to calculate 
the critical size for a chain reacting 
system, but the results were of little 
value, partly because the details of 
the fission process were not clearly 
understood at the time, and partly be- 
cause of the lack of the necessary data 
concerning cross sections and other 
nuclear constants. ‘‘In principle it was 
possible in 1940," aecording to the 
Smyth Report, “to calculate the crit- 
ical size, but in practice the uncer- 
tainty of the constants involved was 
so great that the various estimates - 
differed widely." Consequently, a com- 
prehensive series of investigations were 
started in the United States, under the 
guidance of E. Fermi, in order to pro- 
vide the data which would make reli- 
able calculations possible. t 

14.46. By the middle of 1941 suffi- 
cient information had been accumu- 
lated to make desirable experimental 


_ *For a given volume, a sphere has the smallest possible area. If r is the radius, the area 
is 4rr? and the volume 4273/3, so that the ratio area/volume is 3/r, which decreases as the 


radius, and hence the size, is increased. 


T This work was done in connection with the 
purposes. The details are given in the Smyth 


roject for the use of atomic energy for military 
eport, which states that “the attainment of a 


slow neutron chain reaction seemed a necessary preliminary step in the development of our 
knowledge and became the first objective of the group interested in the problem [of a uranium 


fission bomb].”” 
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measurements with a small uranium- 
graphite lattice, estimated to be from 
one fifth to one quarter of the critical 
size. It was realized that such a system 
would not be chain reacting, but by 
means of calculations it would be possi- 
ble to ascertain the multiplication 
factor for an infinite lattice of the same 
type. With k, known, the maximum 
value of the nonleakage probability 
could be estimated and, hence, the 
critical size calculated fora given shape. 

14.47. In addition to the factors men- 
tioned above that affect the critical 
size, it was realized that neutron loss 
could be minimized, and hence the 
critical size of the system reduced, by 
surrounding it with a neutron reflector. 
Any substance which is suitable as a 
moderator, such as carbon or beryllium 
(or its oxide), can be used as a reflector, 
for it can slow down fast neutrons, 
which might otherwise escape, with- 
out absorbing them to any appreciable 
extent. Many of the slowed down neu- 
trons, as well as slow neutrons which 
have escaped from the chain-reacting 
system itself, called the core, are then 
scattered back by collisions with the 
nuclei of the reflector material. 

14.48, The first experimental lattice 
structure of uranium and graphite was 
erected about July 1941, at Columbia 
University, under the supervision of 
Fermi. It was a cube of graphite, with 
an 8-foot edge, containing about 7 
tons of normal uranium oxide in iron 
vessels distributed at equal distances 
throughout the cube. A radium-beryl- 
lium source.of neutrons (§ 11.14) was 
placed near the bottom of the uranium- 
graphite lattice, and the number of 
neutrons measured at various points 
throughout the structure. From the 
data so secured, the value of the infi- 
nite medium multiplication factor was 
calculated, as mentioned above. 

14.49. The results obtained with the 
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first lattiee are not recorded, but a 
second, similar but larger, structure, 
set up at Columbia University in Sep- 
tember 1941, gave a k, value of 0.87. 
In view of the fact that the uranium 
oxide contained from 2 to 5 percent 
of impurities, including boron which 
has a high cross section for capture of 
both slow and moderately fast neu- 
trons (Fig. 11.10), the result, although 
less than unity, was not decisive. Ef- 
forts were consequently made to ob- 
iain materials of greater purity, and, 
by May 1942, normal uranium dioxide 
with total impurities under 1 percent 
was available; this gave an infinite 
medium multiplication factor of 0.98 
with a graphite moderator, so that 
the goal of unity was being rapidly 
approached. 


Tue CurcAco CHAIN-REACTING PILE 


14.50. Definite indication that a 
chain reaction was possible in a nor- 
mal uranium oxide-graphite lattice 
was obtained in July 1942, when a 
value of 1.07 was derived for the infi- 
nite medium multiplication factor. It 
should be understood that no actual 
chain was propagated in this system, 
because it was below the critical size, 
but the results indicated that a suffi- 
ciently large structure, of the same 
general type, would maintain a nu- 
clear fission chain. Since the oxygen 
in the uranium oxide captures neutrons 
to some extent, it was to be expected 
that an infinite medium multiplication 
factor appreciably greater than unity 
could be achieved by using uranium 
metal in place of the oxide. 

14.51. To ensure the propagation of 
the chain it was desirable to secure 
large quantities, of the order of several 
tons, of both uranium and graphite, 
containing no more than a few parts 
per million of impurities. When it is 
recalled,” says Smyth, “that up to 
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1940 the total amount of uranium 
metal produced in this country was 
not more than a few grams and even 
this was of doubtful purity . . . it is 
clear that the problem of producing 
and purifying materials was a major 
one.” So little was, in fact, known 
about metallic uranium that its melt- 
ing point was recorded as 1850°C, 
whereas the actual value has been 
found to be 1130°C. The problem of 
obtaining graphite was not so formi- 
dable, as this was already being manu- 
factured in large amounts, although 
the purity was not quite up to the 
standard desirable. The presence, for 
example, of one part of boron in 
500,000 of the graphite would nor- 
mally have escaped notice, but in a 
neutron moderator this small amount 
of impurity assumed considerable sig- 
nificance. 

14.52. By the use of an ether extrac- 
tion method, uranyl nitrate was ob- 
tained in a pure form. Upon heating, 
the nitrate is converted into the oxide 
UO;, and this can be reduced to UO; 
with hydrogen gas. "It was a remark- 
able achievement," in the words of the 
Smyth Report, ‘‘to have developed and 
put into production [by July 1942] on 
the scale of the order of one ton per day 
a process for transforming grossly im- 
pure commercial oxide to oxide of a 


degree of purity seldom achieved even - 


on a laboratory scale.” But the prob- 
lem still remained of converting the 
oxide into pure metal. The commercial 
processes in use at the time gave un- 
satisfactory products, and it is largely 
due to the efforts of F. H. Spedding 
and his associates ($ 13.93 footnote) 
that a suitable method was developed 
toward the end of 1942.* This involved 


* A striking achievement amon; 
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conversion of uranium dioxide to the 
tetrafluoride by means of hydrogen — 
fluoride, followed by reduction to me — 
tallic uranium by means of calcium or 
magnesium. 

14.53. The production of pure graph- ` 
ite proved to be less difficult than of © 
uranium. The process used was essen- | 
tially that already employed on a large ` 
scale for the manufacture of graphite - 
electrodes, except that special precau- 
tions were taken to eliminate im- — 
purities. 

14.54. Toward the end of 1942 suf- 
ficient pure materials were available 
to justify an attempt to construct, at 
the University of Chicago,t an actual 1 
chain-reacting system which, exceed- ^ 
ing the critical size, would be self- 
sustaining. The plan was to build & 
cubic lattice of lumps of normal ura- 
nium and uranium oxide within 8 - 
sphere of graphite, the amount of 
pure metal available, namely, 12,400 — 
pounds, being insufficient to fill all the f 
lattice points. The graphite was cut in + 
bricks and built up in layers, alternate 1 
ones containing lumps of uranium 
metal or oxide. Since the structure 
was made by piling one layer upon 
another, it was called a pile. The name i 
was very convenient and useful at the ^ 
time, because it did not reveal the | 
purpose of the work. During the con- ^ 
struction of the pile, cadmium strips, 
io serve as neutron absorbers, were - 
inserted as a safety measure, for it was 
anticipated that neutrons produced by 
spontaneous fission (§ 13.19) or derived 
from cosmic rays (Chapter 19) might 
otherwise set off the reaction chain at 
the instant the critical size was 
reached. This was a necessary pre 
caution since the multiplication factor 


the many associated with the wartime atomic energy 


project in the United States was the COR of many tons of pure uranium by a group 


consisting of faculty and students wor! 


State College (now University) at Ames. 


ing in a disused building on the campus of the Iowa 


+ The construction was carried out in a squash court under the West Stands of Stagg Field. / | 


o 
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increased more rapidly than had been 
anticipated, and the critical state was 
attained. sooner than expected. Con- 
sequently, the completed pile, instead 
of being spherical as planned, was an 
oblate spheroid flattened at the top, 
shaped somewhat like a doorknob 
(Fig. 14.2). It contained a total of 40 
tons of uranium and 385 tons of 


graphite. 


upon withdrawal of the neutron ab- 
sorbing rods, the sharp increase in neu- 
tron density within the pile, depicted 
in the historic record reproduced in 
Fig. 14.3, showed that a fission chain 
was aċtually being propagated. In the 
words of Smyth: “So far as we know, 
this was the first time that human 
beings ever initiated a self maintaining 
nuclear chain reaction." * 


te te 


Fig. 142. Artist's conception of the first chain-reacting pile built under the West 
Stands of Stagg Field, University of Chicago. 


14.55. By cautiously withdrawing 
the cadmium strips, and measuring 
the neutron density within the pile, 
by means of counters containing boron 
trifluoride (§ 11.26), the approach to 


14.56. The actual multiplication fac- 
tor of the system was about 1.0006 with 
all the neutron absorbers removed; this 
was sufficient to make the chain reac- 
tion possible. The pile was initially 
operated at the low power of 0.5 watt, 
and on December 12, 1942 it was raised 
to 200 watts; it could have been in- 
creased still further but it was decided 
not to do so, because of the possible 
harmful effects to personnel of the 
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radiations emitted. For this reason, 
the first chain-reacting pile was dis- 
mantled in the spring of 1943 and 
reconstructed at Palos Park, outside 
Chieago. The original materials, to- 
gether with some additional uranium 
metal and graphite, were used, but the 
rebuilt pile, in the form of a cube, had 
adequate radiation shielding and im- 
proved safety devices. The normal 
power was about 2 kilowatts, although 
it was sometimes operated for periods 


NEUTRON INTENSITY ——> 


CONTROL RODS LEVELING OF 
REMOVED 
PILE NOT YET 

CRITICAL 


OF RECORDIN 
INSTRUMENT 


Fig. 14.3. Record of neutron intensity obtained with 


December 


of an hour or more up to about 100 
kilowatts. From the data given in 
§ 14.16, it can be calculated that when 
` running continuously at 2 kilowatts 
the pile consumed only about 0.002 
gram of uranium-235 per day. 


Power or NUCLEAR REACTOR 


14.57. Mention may be made of the 
method for determining the power of a 
pile, or nuclear reactor as it is now 
preferably called. By means of argu- 
ments similar to those in § 11.76, it 
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can be seen that the total number of 
nuclei A undergoing fission per second 
in the reactor is given by an expression 
identical with the equation (11.7); 
thus, 


A = mNcV, (14.4) 


where n is the average neutron density, 
ie., the number per cc, v is the aver- 
age speed, so that nv is the average 
neutron flux; N is now the number 
of fissile (uranium-235) nuclei per ce, 


SELF SUSTAINING SHARP DROP IN 
EXPONENTIAL INTENSITY DUE 
RISE OF INTENSITY WITH TO INSERTION OF 
NQ EVIDENCE OF CONTROL ROD 
LEVELING OFF 


first chain-reacting system on 
2, 1942, A 


7 Sq cm is the cross section for fission, 
and V ce is the volume of the reactor. 
It was seen in § 14.15 that 3.1 X 101? 
fissions per sec produce 1 watt of 
power; hence, the power P of a nuclear 
reactor in watts is obtained upon di- 
viding the fission rate A, as given by 
equation (14.4), by 3.1 X 10", i.e., 


_ mNcV 
3.1 X 1019 


14.58. The product NV is equal to 
the total number of fissile nuclei in the 


watts. (14.5) 
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reactor and this is related to the mass m 
grams by m = 235NV/(6.02 X 102), 
where 235 is the atomic weight of the 
fissile material, assumed to beuranium- 
235, and 6.02 X 10? is the Avogadro 
number (§ 1.60). The fission cross sec- 
tion o of uranium-235 for thermal neu- 
trons is 577 barns, i.e., 577 X 107% 
sq em, and upon inserting these values 
in equation (14.5), it is found that 


P = 4.8 X 107 mnv 


= 2.1 X 10-5 wn» watts, (14.6) 


where w is now the weight of uranium- 
235 in pounds. It is seen from this ex- 
pression that the power output of a 
given reactor, containing a definite 
amount of fissile material, is propor- 
tional to the neutron flux, nv. Hence, 
reactor power is generally determined 
by measuring the appropriate, e.g. 
thermal, neutron flux by means of a 
suitably calibrated instrument of the 
type described in § 11.24, et seq. 


CONTROL or NUCLEAR REACTORS 


14.59. An important aspect of nu- 
clear reactor construction is the nature 
of the controls required to bring the 
reactor up to its normal operating 
level, to maintain it at that level, and 
to shut it down when required. Con- 
trols are also necessary to prevent the 
chain reaction from becoming too vio- 
lent. If the effective multiplication 
factor were always exactly unity, the 
number of neutrons present would not 
increase from one generation to the 
next. In this event, there would be no 
flexibility in the operation of the re- 
actor. The system must be capable of 
having an effective multiplication fac- 
tor exceeding unity, even by a'S 
amount, so as to permit an increase in 
the number of neutrons in successive 
generations. Unless the growth is 
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checked at some point, however, the 
system might be damaged as a result 
of the too rapid liberation of energy. 

14.60. There is very little likelihood 
that a reactor consisting of ordinary 
uranium and a moderator would actu- 
ally explode. If the rate of nuclear 
fission became too great, and the heat 
generated became excessive, the sys- 
tem would probably break apart. Since 
each piece would then be subcritical, 
ie. less than the critical size, chain 
propagation would cease, and there 
would be no risk of an explosion (see 
also § 15.64). The danger due to radia- 
tions would, however, be considerable. 

14.61. In order to maintain the ef- 
fective multiplication factor at unity, 
and the neutron density (or flux) con- 
stant, once the desired energy level 
has been reached, control rods of cad- 
mium, boron steel, or other material 
with a large capture cross section for 
slow neutrons are used. These rods are 
inserted in the reactor to such a depth 
as will permit them to absorb all excess 
neutrons, In other words, when the 
reactor has reached a predetermined 
power level, the control rods serve to 
keep the effective multiplication factor 
at exactly unity. If it is required to 
increase the power, the controls are 
partially removed; the multiplication 
factor then exceeds unity, and the neu- 
tron flux rises. When this attains the 
desired value, the controls are inserted 
to the extent necessary to keep the flux 
(or power level) constant. When shut- 
ting down the reactor, the control rods 
are inserted to a considerable depth; 
they then can capture so many neu- 
trons that the effective multiplication 
factor becomes less than unity. The 
neutron flux thus decreases and the 
nuclear reaction chain is no longer 
maintained. To start up the reactor, 
all that is necessary is carefully to with- 
draw a control rod, and then readjust it 
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when the required output is attained. * 
14.62. Since fission is a virtually 
instantaneous process, it might be 
thought that the neutron density and 
the energy output would increase with 
extreme rapidity, so that mechanical 
control, even if automatic, might not 
be sufficiently rapid. Fortunately, the 
liberation of the delayed neutrons in 
fission, amounting to about 0.65 per- 
cent of the total for uranium-235 
(§ 13.47), has helped to overcome this 
difficulty. Suppose that, in general, 8 
is the fraction of the fission neutrons 
which are delayed; hence 1 — 8 rep- 
resents the fraction of prompt neu- 
trons. Of the total number 7 of fast 
neutrons produced for each thermal 
neutron absorbed, (1 — 8)7 are emitted 
instantaneously, and 85 are delayed 
and expelled gradually over several 
minutes. It follows, therefore, that the 
multiplication factor may be regarded 
as consisting of two parts: one, equal to 
k(1 — 8), representing the prompt neu- 
tron multiplieation factor, and the 
other, equal to k8, due to the delayed 
ncutrons, where k is the effective mul- 
tiplication factor. ' 

14.63. If, in the startup of a reactor, 
the quantity k(1 — 8) is adjusted so as 
to be just less than (or equal to) unity, 
then the rate of increase in the number 
of neutrons from one generation to the 
next will be determined essentially by 
the rate of emission of the delayed neu- 
trons. Since £ is actually 0.65 percent, 
or a fraction 0.0065 of the total, for the 
fission of uranium-235, this condition 
can be realized by having k somewhat 
less than 1.0065, but, of course, greater 
than unity. In these circumstances, the 
neutron density and the power out- 
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put increase fairly slowly, and control ` 
by means of neutron absorbers is a 
relatively simple matter. The condition 
in which k(1 — 8) is equal to unity, so 
that k is 1.0065, with uranium-235 as — 
the fissile material, is referred to as 
prompt critical. The reactor can then 
become critical on the prompt neutrons 
alone, Hence, in the startup of a reac- 
tor, or in any circumstances involving 
an increase in the neutron flux, it is 
necessary that the effective multiplica- 
tion factor be kept fairly well below — 
the prompt critical value.t e 

14.64. In the construction of a nu- | 
clear reactor several different controls 
are used. Broadly, these fall into three 
categories. There are the coarse (or 
shim) controls for reactor startup and . 
shutdown and fine (or regulating) con- 
trols for maintaining a steady operat- 
ing level. Then, there are safety (or 
scram) controls for shutting the reactor 
down rapidly in the event of an emer- 
gency. Frequently, the same control 
rods of neutron absorbing material are 
used for coarse control and for safety 
purposes. These rods are held up by 
electromagnets and so they can be 
dropped quickly by switching off the 
magnetizing current. In the earliest re- 
actors, control rods were moved by 
hand (see Fig. 14.2), but electric 
motors are now invariably used. For 
some purposes, the motion of the rods 
is determined by a human operator, 
but for others it may be done auto- 
matically. 


PRODUCTION oF PLUTONIUM 


14.65. The original purpose of study- 
ing the uranium-graphite system was 
mainly to determine whether it was 


* In the preliminary experiments, described above, with systems below the critical size, & 
constant neutron source was employed so that satisfactory measurements could be made. Iñ 
a system exceeding the critical size the fission chain may be initiated by extraneous neutrons 

roduced in spontaneous fission or present in cosmic rays. Many reactors, however, have 
uilt-in neutron sources in order to facilitate the startup operation. 

{In reactors based on natural uranium and graphite, the maximum value of the effective 
multiplication factor is about 1.007, so that they can barely exceed prompt critical. 


The Utilization of Nuclear Energy 


possible to realize a nuclear chain reac- 
tion. While the work was in the course 
of development, however, the nuclear 
chain reactor acquired an additional 
interest of the greatest significance. 
As already stated, it was known, by 
early 1941, that uranium-238 captures 
slow neutrons with the formation of 
the short-lived uranium-239 which is 
ultimately transformed into pluto- 
nium-239. Since the formation of the 
latter element follows two stages of 
beta decay, it appeared that it might 
be an alpha emitter of relatively long 
life, and its even-odd nuclear composi- 
tion indicated that it would proba- 
bly be fissionable by slow neutrons 
(§ 13.60). 

14,66. In experiments carried out at 
the Radiation Laboratory in Berkeley, 
during 1941, both of these expecta- 
tions were confirmed (§ 16.4). The 
new element plutonium thus offered 
prospects for use in a nuclear fission 
(atomic) bomb. In a report submitted 
in July 1941, E. O. Lawrence wrote: 
“An extremely important new pos- 
sibility has been opened for the ex- 
ploitation of the chain reaction with 
unseparated isotopes 6f uranium. .. . 
It appears that, if a chain reaction 

. . is achieved, it may be allowed to 
proceed . . . for a period of time for 
the express purpose of manufacturing 
element 94 [plutonium]. . . . If large 
amounts. . . were available it is likely 
that a chain reaction with fast neu- 
trons could be produced. In such a 
reaction the energy would be released 
at an explosive rate which might be 
described as [a] ‘super bomb.’ ” 

14.67. If plutonium could be pro- 
duced in a chain-reacting system with 
ordinary uranium, it meant that the 
neutrons which suffered nonfission cap- 
ture by uranium-238 would not be 
wasted, for the resulting uranium-239 
would, in a relatively short time, be 
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changed into fissile plutonium-239. In 
a properly designed nuclear reactor, 
containing uranium isotopes of mass 
numbers 235 and.238, the nuclei of the 
former would undergo fission; some of 
the neutrons produced would then 
serve to carry on the chain, while 
others would be captured by nuclei of 
uranium-238, which would ultimately 
change into plutonium, A simplified 
schematic diagram of the behavior in 
such a system is given in Fig, 14.4. For 
purposes of representation, it is as- 
sumed that three neutrons are pro- 
duced in fission, and that of these one 
carries on the fission chain with 
uranium-235, another is captured by a 
uranium-238 nucleus, whereas the third 
is lost, either in other forms of non- 
fission capture or by escape from the 
system. 

14.68. Since the atomic number of 
plutonium is two units greater thun 
that of uranium, it would seem prob- 
able that the two elements could be 
separated by a suitable chemical pro- 
cedure and the plutonium utilized in 
the construction of an atomie bomb. 
In view of the uncertainty of success 
in the attempts which were then being 
considered to separate uranium-235 
for the same purpose, plans were made 
in 1942 to investigate the possibility 
of extracting appreciable quantities of 
plutonium from a chain-reacting sys- 
tem containing ordinary uranium and 
a moderator. 

14.69. The original Chicago (pile) 
reactor was not suited to the produc- 
tion of plutonium, for two reasons: 
first, since it had no cooling system, 
its maximum safe operating level was 
so low that only the merest traces of 
plutonium would be formed; and, sec- 
ond, the use of lumps of uranium and 
of uranium oxide built into the graph- 
ite would necessitate dismantling the 
reactor in order to obtain the pluto- 


.. 826 


nium. As ean be seen from the data in 
$14.16, the fission of 1 kilogram of 
uranium-235 per day releases about a 
million kilowatts of power, most of 
which appears in the form of heat. 
Suppose, for the sake of the present 
argument, that, for every uranium-235 
nucleus undergoing fission, one of the 
emitted neutrons suffers nonfission 
capture by uranium-238, and so is 
ultimately converted into plutonium- 
239, as indicated in Fig. 14.4. Then 
the fission of 1 kilogram of uranium- 
235 per day will result in the forma- 
tion of approximately 1 kilogram of 
plutonium-239 and the liberation of 
about a million kilowatts of power. 
Hence, a reactor designed for the 
produetion of 1 kilogram of plutonium 
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per day would release energy, mostly 
as heat, at the enormous rate of a 
million kilowatts. The problem of 
cooling such a reaetor is therefore 
considerable. 


Oax RIDGE AND Hanrorp REACTORS 


14.70. Theearly plans, madein 1942, 
ealled for the eventual use of helium 
gas in order to cool the plutonium pro- 


duction reactors, and consequently the 
decision was made to build at Oak © 


Ridge, Tenn., an experimental air- 
cooled plant of 1000-kilowatts capae- 
ity. This was intended partly to act 
as & pilot plant for large-scale pro- 
duetion units, and partly to provide 
some plutonium which was badly 
needed for experimental purposes. Be- 
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Fig. 14.4. Schematic representation of fission of uranium-235 and capture of neutrons . 
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cause of the difficulties associated with 
a gas as coolant in a large reactor, the 
designs for the latter were changed so 
as to use water for cooling. But the 
construction of the intermediate air- 
cooled Oak Ridge reactor* was con- 
tinued so as to permit the testing of 
possible methods for the chemical sep- 
aration of plutonium from the un- 
changed uranium and the numerous 
fission products (§ 16.32). 
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the form of cylinders or slugs enclosed 
in gas-tight aluminum casings; these 
were slid into the channels in the 
graphite, which were somewhat wider 
than the slugs, thus providing space 
for the flow of air for cooling purposes. 
When the uranium slugs were ready 
for processing, they were pushed out 
at the back of the reactor, while new 
ones were fed in at the front, Control 
of the neutron density was achieved 


ALUMINUM TUBES CONTAINING 
URANIUM (SLUGS) 


Fia. 14.5. Schematic diagram of the Oak Ridge graphite reactor. 


14.71. In order to make it possible 
to remove the uranium without dis- 
mantling the reactor, the latter was 
redesigned, with some small loss of 
efficiency. The Oak Ridge reactor was 
thus built as a cube of graphite 
containing a number of horizontal 
channels, represented schematically in 
Fig. 14.5. The metallic uranium was in 


by means of boron-steel rods, and there 
was heavy shielding to protect oper- 
ating personnel from the harmful ef- 
fects of penetrating neutrons and 
gamma radiations (Chapter 18). 
14.72. It might be imagined that 
the uranium slugs could be left in the 
reactor until all the uranium-235 had 
suffered fission, accompanied by the 


* This was originally called the “Clinton pile," after the town of Clinton, Tenn., in the 


vicinity; subsequen 


tly it became known as the X-10 reactor from the map designation (X-10) 


of the area of the Oak Ridge National Laboratory in which it was located. 
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* 
produetion of a more or less equivalent 
amount of plutonium. This is, how- 

*ever, far from being the case. In the 
first place, many of the fission prod- 
ucts which accumulate with time have 
large eross sections for neutron cap- 
ture. The replacement of the uranium- 
235 by produets capable of absorbing 
neutrons means a steady decrease in 
the multiplication factor; this may 
ultimately fall below unity, when the 
chain reaction would stop. Further, as 
the fissile plutonium-239 accumulates, 
it competes with uranium-235 for ther- 
mal neutrons, so that in the course of 
time the plutonium would be removed 
as fast as it is formed. The point at 
which the uranium slugs were removed 
for processing was determined by a 
compromise among various factors, 
e.g., the desire to attain a maximum 
yield of plutonium-239, the necessity 
for maintaining the fission chain, and 
the cost of reprocessing. . 

14.73. When the "spent" uranium 
slugs were pushed out of the back of 
the reactor they fell into tanks of water 
where they stayed for some days; 
this allowed the uranium-239 to be 
converted into neptunium-239 which 
changed into plutonium, and also per- 
mitted the shorter-lived, and hence 
most highly radioactive, fission prod- 
ucts to decay. The slugs were then 
dissolved in acid and the solution made 
to undergo a series of reactions leading 
to the separation of the small propor- 
tion of plutonium from the mixture of 
fission products and unchanged ura- 
nium.* The chemical processes are 
straightforward, but the intense beta 
and gamma activity of the material 
requires that they be carried out by 
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remote control in concrete chambers 
most of which are underground. 

14.74. The Oak Ridge reactor started - 
operating on November 4, 1943, and it 
soon reached a power level of 800 kilo- 
watts, the surface temperature of the - 
uranium being 150°C. By rearranging 
the slugs, so that there were fewer in 
the center where the neutron flux was 
greatest, the over-all power level was - 
increased to 1800 kilowatts, without ~ 
the temperature becoming too high at ^ 
any point. After the cooling was im- 
proved, by the installation of better - 
fans, in June 1944, the power output - 
of the Oak Ridge reactor was increased 
still further, arid it then operated at a 
power of 3800 kilowatts.t The first — 
batch of spent slugs entered the sep- 
aration plant on December 20, 1943, 
and by the end of February 1944, - 
plutonium was being produced at the 
rate of several grams per month. 

14.75. Even before the first self- 
sustaining, nuclear chain reaction had 
been achieved, and certainly long be- 
fore any plutonium had been obtained 
from the Oak Ridge reactor, plans 
were being made for the production of 
plutonium-239 on a large scale. As men- 
tioned in § 14.70, the reactor for this 
purpose was to be water-cooled, a fact 
which introduced complications be- 
cause of parasitic capture of neutrons 
by the water and by the containing 
pipes. The water cooling, and the jack- 
eting (or “canning”) of the uranium 
to protect it from corrosion, presen 
tremendous problems which caa be no 
more than mentioned here, but they - 
were ultimately solved with conspi¢- 
uous success 

14.76. Early in 1943, a site at Han- 


* Some reference to the chemistry of plutonium and its separation will be made in Chap- 


ter 16 


ber 1963 and subsequently 
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gi deperire wee een (Ft for plutonium production, 
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.26) ; it was finally shut down in N ovem- 
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ford, near Richland, Washington, suffi- 
ciently remote for safety, and with 
ample accessible water for cooling 
purposes from the Columbia River, 
was chosen. Work on the first Hanford 
production reactor was started on 
June 7, 1942, and operation began in 
September 1944; a second and a third 
reactor were completed toward the end 
of 1944 and early in 1945, respectively. 
Subsequently, a number of other reac- 
tors of the same general type were 
constructed at the Hanford site. 
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element, which was not only unknown 
in 1939, but which did not even exist 
on the earth except perhaps in the” 
merest, virtually undetectable, traces 
(8 16.27). 

14.78. It is remarkable that the only 
previous experience with chain-reacting 
systems when the production reactors 
were designed was obtained with the 
low-powered experimental Chicago 
pile, operating at a maximum of 200 ` 
watts, little more than the power of 
an average electric-light bulb! Equally, 


nts 


Fra. 14.6. Portion of the plutonium plant at the Hanford Works, showing cooling 
equipment and Columbia River in the background. 


14.77. The Hanford Works reactors, 
each as high as a five-story building 
(Figs. 14.6 and 14.7), with their at- 
tendant remotely controlled plants for 
the extraction of grams of plutonium 
from tons of material, including ura- 
nium and the numerous fission prod- 
ucts, represented, like the Oak Ridge 
gaseous diffusion plant described in 
§ 6.88, a monumental and spectacular 
achievement of science and technology. 
At the Hanford Works there was pro- 
duced, on an industrial scale, a new 


or even more, remarkable was the fact 
that the plant for the separation of 
plutonium was based on chemical stud- 
ies made with a total of only half a 
milligram, ie. one two-thousandth 
part of a gram, of plutoniun—about 
the size of a head of a pin!—produced 
by the bombardment of uranyl nitrate 
with neutrons obtained with the aid 
of cyclotrons (§ 16.31). 

14.79. It has been estimated that a 
factor of 10!° was involved in the 
scale-up from the laboratory studies 
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to the actual plant. "The proposed 
extrapolations [necessary for the de- 
sign of the large-scale plant from the 
available data] both as to chain- 
reacting piles and as to separation 
processes,” says the Smyth Report, 
“were staggering. In peace-time no 
engineer or scientist in his right mind 
would consider making such a magni- 
fication in a single stage, and even in 
wartime only the possibility of achiev- 
ing tremendously important results 
could justify it.” 


Tue NucLeaRr Fisston 
(Atomic) Boms 


14.80. A chain-reacting system, i.e., 
a nuclear reactor, can take various 
forms, depending upon its construc- 
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Fig. 14.7. Front face of one of the Endo: reactors at the Hanford Works, showing 
fuel-loading 
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tion, its composition, and the purpose 
for which it is required. The ultimate 
objective of the Hanford Works reac- 
tors was the production of plutonium: 
for use in an atomic bomb which itself 
is, in a sense, a nuclear reactor. In an 
ordinary reactor, the release of the 
fission energy is a gradual and con- 
trolled process, but in the bomb the 
energy produced by the fission of an 
appreciable quantity of either uranium 
235 or plutonium-239 is liberated rap- 
idly and in an uncontrolled manner, 
A brief outline of the principles of the? 
nuclear fission (atomic) bomb will bé 
given here; the characteristics of diff 
ferent types of controlled nuclear re 
actors will be described in the next 
chapter. 


machine. 
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14.81. When a large amount of en- 
ergy is released, within a very short 
time interval, in a small space the 
result is an explosion (§ 3.4). In order 
to achieve such a state of affairs by 
utilizing fissile material, there are two 
main requirements, First, it is neces- 
sary to have a mass of relatively pure 
uranium-235 or plutonium-239,* whose 
dimensions exceed the critical size, so 
that the chain reaction can be sus- 
tained; and second, fission must be 
due, as far as possible, to fast neu- 
trons, so that the process takes place 
with extreme rapidity. In spite of the 
fact that the fission cross sections 
for thermal neutrons are large, and 
in spite, also, of their high speeds— 
2.2 X 10° em per sec—referred to nor- 
mal standards, the rate of liberation 
of energy in thermal-neutron fission 
would be too slow to produce an effec- 
tive explosion. Such a system would 
behave like a reactor that had gone 
out of control, as described in § 14.60; 
it would heat up and then break apart 
into pieces of subcritical size, when 
the chain reaction would cease. If this 
occurred in an enclosed space, there 
would be a minor explosion, at most. 

14.82. In an atomic bomb the chain 
reaction must be maintained by fast 
neutrons; the presence of any material 
capable of slowing down the neutrons 
must therefore be avoided. Further, 
by minimizing the possibilities of non- 
fission capture, a large fraction of the 
neutrons produced in fission will cause 
further fission; thus, the multiplication 
factor can exceed unity by a significant 
amount (§ 14,22 footnote) and the rate 
of energy release can increase with 
great rapidity. 

14,83. The presence of stray neu- 
trons in the atmosphere makes it im- 
possible to prevent a chain reaction in 
a supercritical mass, i.e., in a quantity 


. 581 


exceeding the critical size, of fissile 
material. It is consequently necessary 
that, before detonation, the bomb 
should not contain any fissile material 
that is as large as the critical mass for 
the given conditions. In order to cause 
an explosion, the material must, then 
be made highly supercritical within a 
very short interval of time, Extreme 
rapidity is necessary, because if the 
chain reaction were to be initiated by 
stray neutrons before the fissile mate- 
rial had reached the most compact 
form, a relatively weak explosion would 
occur. Two general methods have been 
described for bringing about an atomic 
(or nuclear) explosion by quickly con- 
verting a subcritical system of fissile 
material into a supercritical one. 

14,84. In the first method, two or 
more pieces of fissile material, each less 
than a critical mass, are brought to- 
gether very rapidly in order to form 
one piece that greatly exceeds the 
critical size. This may be achieved in 
some kind of gun-barrel device, in 
which a high-explosive charge is used 
to blow one subcritical mass of fissile 
material from the breech end of the 
gun into another subcritical mass 
firmly held at the nozzle end, “The 
obvious method of very rapidly as- 
sembling an atomic bomb,” says the 
Smyth Report, “was to shoot one part 
as a projectile in a gun against a sec- 
ond part as a target," If the two parts, 
which are not necessarily of the same 
size, are each subcritical, there is no 
danger of explosion, but if a highly 
supercritical mass is formed when they 
are brought together in a small fraction 
of a second, the desired explosion will 
occur. 

14.85. The second method of causing 
a mass of fissile material to explode 
makes use of the fact that when a 
subcritical quantity of the material 


* Uranium-233 might presumably also be used for this purpose. 
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is compressed it can become super- 
critical. The reason is that, by de- 
creasing the size and, hence, the 
surface area of a given quantity of 
fissile material by compression, the 
rate of neutron loss by leakage is 
decreased relative to the rate of pro- 
duction of neutrons by fission. The 
previously subcritical mass may thus 
become supercritical under the new 
conditions. The required compression 
may be achieved by means of a spher- 
ical arrangement of specially fabricated 
shapes of ordinary high explosive. In a 
hole in the center of the system is then 
placed a subcritical sphere of fissile 
material. When the high explosive is 
set off, by means of a number of 
detonators on the outside, an inwardly 
directed implosion wave is produced. 
The force of this wave causes the 
sphere of fissile material to be rapidly 
compressed so that it becomes highly 
supercritical and explodes. 

14.86. It was mentioned in § 14.47 
that the escape of neutrons, and thus 
the critical size of a chain-reacting 
system, can be reduced by the use of 
a suitable reflector; the same is true, 
to some extent, of an atomic bomb. 
But in the latter case, the nature of 
the reflector is different, and it also 
serves an additional, more important, 
purpose. Elements of high density, and 
high atomic weight, do not absorb fast 
neutrons to any great extent, neither 
do they slow them down appreciably; 
such elements are thus suitable to act 
as reflectors in a fast-neutron chain 
system. Further, the high density pro- 
vides inertia which delays expansion 
of the exploding material, so that it 
acts like the familiar tamper in blast- 
ing operations. Thus, according to the 
Smyth Report, “use of a tamper. . . 
makes for a longer lasting, more ener- 
getic, and more efficient explosion.” 

14.87. Since a nuclear fission bomb 
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must exceed a certain minimum size, ' 
a “small atomic bomb," that could be . 
used as an experimental model for the 
purpose of designing a larger weapon, — 
is not practical. Hence, the first atomic © 
(implosion-type) bomb, which was ex- 
ploded with such tremendous effect at 
Alamogordo, New Mexico, on July 16, 
1945, was planned, constructed, and 
detonated on the basis of theoretical | 
calculations, without benefit of a pre- 
liminary test. Subsequently, as is well - 
known, nuclear fission bombs, with an ` 
energy release equivalent to 20 kilo- 
tons of TNT (§ 14.20), were exploded - 
over Hiroshima (gun type) and Naga- © 
saki (implosion type), Japan, in the 
early days of August 1945. Since that .— 
time, the design of atomic weapons 
has been improved to such an extent 
that fission bombs with many times — 
this energy yield have been produced. 
As will be seen below (8 14.120), weap- 
ons of even higher explosive energy . 
have been made possible by the use of ` 
thermonuclear reactions. 

14.88. The temperatures attained in 
the explosion of an atomic bomb are 
reported to be several tens of million 
degrees centigrade, i.e., hotter than 
the interior of the sun. Consequently, 
the bomb strueture and the fission 
products, as well as any unchanged 
uranium or plutonium, are converted 
into gases at very high pressure. The 
rapid expansion of these extremely hot, 
compressed gases produces a shock 
wave which is responsible for much of 
the damage and destruction resulting 
from the explosion. In addition, the 
high temperatures are accompanied by | 
the emission of thermal radiation ca- 
pable of causing skin burns and initiat- 
ing fires at considerable distances from 
the point of burst of the bomb. Some 
of the fission energy appears at the 
time of the explosion in the form - 
of biologically harmful neutrons and 
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gamma rays (Chapter 18). Finally, 
there is the beta and gamma radio- 
activity of the fission products, which 
may or may not represent a hazard, 
according to the circumstances. 

14.89. If the atomic bomb is ex- 
ploded at a sufficiently high altitude, 
the cloud of radioactive fission prod- 
ucts and weapons residues rises to 
great heights and essentially none of 
the material descends in the vicinity 
of the burst. On the other hand, if the 
explosion oceurs near—either above or 
below—the earth's surface, soil, ete., 
is carried up with the cloud and be- 
comes contaminated with radioactive 
material Part of the debris will de- 
scend to earth in the region of the 
explosion and much of the remainder 
will be spread over a considerable area 
down wind. This contaminated mate- 
rial which settles on the surface is 
called the fallout. The beta particles 
and, especially, the gamma rays— 
because of their long range in air— 
emitted by the fission products present 
in the fallout can constitute a serious 
hazard. Since the contamination con- 
sists of a complex mixture of radio- 
active nuclides (§ 13.86), it does not 
have a simple decay half-life, although 
each constituent of the mixture does. 
As a rough rule, however, it appears 
that the total radioactivity at 7 hours 
after the explosion will decrease to one 
tenth, i.e., 0.1, of the value at 1 hour; 
at 7? hours (roughly 2 days) it de- 
creases to (0.1), i.e., one hundredth, 
and at 7* hours (roughly 2 weeks) it 
decreases to (0.1)?, i.e., one thousandth 
of the activity after 1 "hour. 


PEACEFUL USES oF 
NUCLEAR EXPLOSIVES 


14.90. Large quantities of chemical 
high explosives are used every year for 


* The p 


peaceful purposes, in mining and quar- 
rying, in the excavation of ditches and 
canals, and in the recovery of petro- 
leum. The objective of the Plowshare 
program, established in 1957 by the 
U. S. Atomic Energy Commission, is 
to find peaceful uses for nuclear explo- 
sives.* The motivating factor is that, 
where large quantities of explosive 
energy are needed, e.g., in extensive 
earth-moving operations or in the pro- 
duction of large underground cavi- 
ties, nuclear explosives can be much 
cheaper than conventional ones, For 
example, the price quoted officially in 
the United States for a nuclear explo- 
sive with an energy yield equivalent 
to 2 megatons, i.e., 2 million tons, of 
TNT is $600,000 or 30 cents per ton 
TNT equivalent. Conventional chem- 
ical explosives, however, would cost 
about $100 for the equivalent of 1 ton 
of TNT. 

14.91. Nuclear and chemical explo- 
sives are not exactly comparable be- 
cause the effects differ somewhat. 
Actually, chemical explosives can be 
used more efficiently in excavating 
operations, as much of the energy of 
a nuclear explosion is wasted in such 
operations, Nevertheless, the difference 
in cost is so great that nuclear explo- 
sives would appear to have a consider- 
able advantage. It should be noted, 
however, that the favorable cost of the 
nuclear explosive applies only when 
large amounts of energy, in the range 
of millions of tons of TNT equivalent, 
ean be utilized. For comparison, it may 
be mentioned that the cost of a 
10-kiloton TNT equivalent device is 
$350,000, or $35 per ton. In view of 
other circumstances, the nuclear ex- 
plosive might be less economical than 
a chemical explosive, in spite of the 
apparently higher price of the lat- 


rogram derives its name from the dye “they shall beat their swords into plow- 
shares” ii the "tito book of Isaiah, Chapter 2, Verse 4. 
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ter. Nevertheless, there are situations 
where the use of a 10-kiloton nuclear 
device would be practical, because of 
its small size, whereas 10,000 tons of 
TNT would not. 

14.92. Perhaps the most interesting 
potential use of nuclear explosives is in 
the excavation of large canals, such as 
an alternative to the Panama Canal be- 
tween the Atlantic and Pacific Oceans. 
A sea-level canal would be preferable 
to the present lock canal, but it would 
require the excavation of tremendous 
quantities of rock, ete. It is in just 
such large earth-moving projects that 
nuclear explosives could prove more 
economical than conventional chem- 
ical explosives. There are a number of 
problems to be solved before nuclear 
explosives can be used in this manner, 
but they do not appear to be insuper- 
able by any means. 

14.93. Tests made with chemieal ex- 
plosives have shown that it is possible 
to make a canal-like excavation by 
simultaneously detonating a number 
of buried charges placed in a row a 
moderate distance apart. The rocks 
and dirt are thrown out at the sides 
leaving à long and broad ditch. In 
effect, each charge produces a crater 
and with appropriate spacing, the cra- 
ters join together to form the ditch. 
Although no studies of this kind have 
yet been made with nuclear explosives, 
it is probable that a canal can be dug 
in the same manner with a row of 
charges. The problem then becomes 
largely one of finding, first, the best 
way to produce a crater by the explo- 
sion of a buried nuclear charge. 

14.94, The depth of the crater re- 
sulting from an underground explo- 
sion, regardless of the nature of the 
explosive material, depends on the 
energy yield, the depth of.burial, and 
the nature of the medium in which 
the burst occurs. For a given yield and 
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medium, there is an optimum depth 
of burial for which the crater has the 
maximum dimensions. At shallower 
depths some of the explosive energy is | 
wasted in producing air blast, whereas 
at greater depths energy is absorbed 
uselessly in fracturing rocks around 
the point of the explosion. When em- ` 
ploying a nuclear explosive, however, 
it is not possible to take advantage of 
the optimum depth of burial The 
reason is that at this depth there would ` 
be a significant escape into the atmos- — 
phere of dust contaminated with radio- 
active fission products. The resulting 
fallout would represent a possible 
hazard that is to be avoided at all 
costs. Consequently, the depth of - 
burial must be somewhat greater than 
the optimum. In these circumstances, 
a sufficient amount of rubble falls back - 
into the crater to cover the radioactive 
material. It appears, nevertheless, that 
in a useful cratering explosion, some - 
escape of radioactivity is unavoidable} - 
steps are, therefore, being taken to 
reduce this to an essentially harm- - 
less minimum. Among the measures 
adopted are improved techniques for : 
emplacing the nuclear explosives and 
the use of devices in which most of the 
energy is derived from thermonuclear 
reactions rather than from fission - 
(§ 14.120). 

14.95. When a nuclear explosion 00- 
curs underground, the extremely high 
temperatures of tens of million degrees 
first cause the surrounding rock to 
melt. As a result, a cavity is formed 
which soon fills with vaporized mate- - 
rial. The high pressure generated by 
the hot gases in a limited space pro- 
duces a shock wave which moves 
outward fracturing the rock in the 
vicinity. At the same time, the pressure 
causes the cavity to expand. Since the 
resistance to motion is least in the up- 
ward direction, the cavity tends to 
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expand preferentially toward the sur- 
face. If the depth of burial of the 
explosive charge is not*too great, the 
expanding gases lift large quantities of 
rock and dirt to a considerable distance 
above the surface, Some of this mate- 
rial falls back but much is thrown 
out completely, thus leaving a crater 
(Fig. 14.8). 


Fig, 14.8. 
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upward through the region in which 
the rock has been fractured by the 
shock wave of the explosion. As a 
result, a tall enclosed cylinder, called 
a “chimney,” is formed filled with 
broken rock, with a small space at the 
top. In a loosely packed medium, the 
material above the chimney may sub- 
side into this space, leaving a shallow 


Crater (1200 feet diameter, 320 feet deep) formed by underground explosion 


of a 100-kiloton device. (Lawrence Radiation Laboratory, Livermore) 


14.96. For an explosion at sufficient 
depth, the pressure of the overlying 
material will be so great that the ef- 
fecis of the expanding gases will be 
completely contained. There will then 
be no cratering, but an underground 
cavity will form. This cavity will con- 
tinue to grow until the gas pressure in 
its interior is balanced by the pressure 
due to the rock and dirt above it. When 
growth ceases, broken rock will gener- 
ally fall from the ceiling and walls, 
leaving a roughly hemispherical (dome- 
shaped) space. In many cases, the roof 
will collapse and this collapse will move 


crater on the surface of the ground. 

14.97. There are possible applica- 
tions of the large cavities produced in 
the manner deseribed above for the 
storage of water or natural gas. The 
Gnome explosion of 3.1 kilotons TNT 
equivalent in the salt formation 1200 ft 
below the surface near Carlsbad, New 
Mexico, on December 10, 1961, for 
example, left a dome-shaped chamber 
134 to 196 ft in diameter and 75 ft 
high. Its total volume was about 
960,000 cu ft. The fracturing of rock 
could make it easier to remove ore 
bodies and oil shale in mining opera- 
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tions. It could also facilitate the recov- 
ery of gas and oil from fields consisting 
of rocks of low permeability.* The 
suggestion has been made that the 
petroleum present in tar sands in a 
highly viscous form could be converted 
into a free-flowing liquid by utilizing 
the heat and fracturing effect of an 
underground nuclear explosion. Many 
other possible industrial applications 
for nuclear explosives have been pro- 
posed, but the foregoing examples are 
sufficient to indicate the scope of the 
Plowshare program. 

14.98. Finally, mention will be made 
of some purely scientific uses for nu- 
clear explosions. One, referred to in 
§ 11.84, is to utilize such an explosion 
as a very intense source of neutrons 
of a range of energies for cross-section 
measurements. Another, which will be 
considered in § 16.72, is the production 
of nuclides of high mass and atomic 


ENERGY FROM NUCLEAR FUSION 


Fuston or Ligut NUCLEI 


14.100. If, before 1939, nuclear phys- 
jeists had been urged to express an 
opinion as to the probable direction in 
which the successful release of atomic 
energy might be realized, it is ex- 
tremely doubtful if they would have 
thought it to be by fission. The general 
feeling was that it would prove more 
practical to obtain energy by the com- 
bination (or fusion) of light nuclei than 
by fission of heavy nuclei. It is evi- 
dent from § 13.22 that the liberation 
of energy in fission is due, essentially, 
to the binding energy per nucleon being 
less in the heavy elements than it is in 
those of intermediate mass number 
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numbers by the successive capture of — 
several neutrons in uranium-238, for 
example. Many seismic ‘studies, i.e., 
related to the occurrence of earth- 
quakes, can also be made with nuclear 
explosions. 

14.99. Since 1957, several under- 
ground tests have been made in the ^ 
United States, with devices having en- 
ergy yields ranging from 0.4 to 100 
kilotons of TNT equivalent, to provide 
information relative to the possible 
peaceful uses of nuclear explosions. 
The results obtained so far are very 
promising, but more needs to be done 
before nuclear explosives can be uti- 
lized on a large scale to excavate cac 
nals, to create new harbors, to fracture 
rock formations, and to perform many 
other valuable tasks in which such 
explosives appear to have decided ad- 
vantages over conventional chemical” 
explosives. 


formed in fission. An examination of. 
the binding energy curve in Fig. 12.2 
will show that precisely equivalent 
circumstances arise at the low mass” 
number end of the system of elements. 
The binding energy per nucleon in the 
lightest nuclei is, like that in the heavi- 
est, less than for nuclei of intermediate 
mass number. In other words, the sum 
of the masses of the individual light 
nuclei is more than would be the mass” 
of the nucleus formed by their fusion. 
The combination of two or more of the 
lightest nuclei by a process of fusion 
should thus, like fission, result in 4 
liberation of energy. 

14.101. Many reactions between nu- 
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clei of low mass number can be brought 
about by accelerating one or other of 
the nuclei in a suitable manner, as 
described in Chapter 9. These are often 
nuclear fusion processes accompanied 
by the release of energy. As indicated 
in § 14.10, however, reactions involving 
artificially accelerated particles cannot 
be regarded as of any significance for 
the utilization of atomic energy. To 
have practical value, fusion reactions 
must occur in such a manner as to 
make them self-sustaining; that is to 
say, more energy must be released than 
is consumed in initiating the reaction. 

14.102. Some indication of how this 
might be achieved can be obtained by 
considering the source of the enormous 
amounts of energy produced continu- 
ously in the stars, including the sun. 
The earliest scientific theory concern- 
ing the source of the sun’s energy was 
proposed by H. von Helmholtz in 
1853; making use of the principle of 
the conservation of energy (§ 3.75), 
he suggested that the sun’s energy was 
released in the process of contraction. 
In other words, according to Helm- 
holtz, gravitational work was being 
converted into heat in the sun. The 
inadequacy of this theory was shown 
by the fact that it led to an estimate 
of the age of the sun which was un- 
doubtedly much too short. 

14.103. With the discovery of radio- 
activity at the end of the 19th century, 
it appeared possible that what was 
vaguely called “‘atomic energy" might 
be contributing to the sun’s energy. 
Thus, T. C. Chamberlin of the Uni- 
versity of Chicago pointed out in 1899 
that "the Helmholtz theory takes no 
cognizance of latent and occluded en- 
ergies of an atomic or ultra-atontic 
nature." During the first two decades 
of the present century, due largely to 
its exposition by A. S. Eddington, the 
view was widely held that the energy 
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of the sun resulted from the mutual 
annihilation of positive and negative 
charges. It will be recalled ($ 14.4) 
that this theory of energy release was 
put forward in 1904 by J. H. Jeans to 
account for the energy of radioactivity. 

14.104. As mentioned earlier, Ed- 
dington, in 1920, proposed the alter- 
native theory that stellar energy was 
liberated in the formation of helium 
from hydrogen. A similar suggestion 
was made by the French scientist 
J. Perrin, who thought that the sun's 
energy was produced in the process of 
building up complex atoms from pro- 
tons and electrons, Because of the 
large amounts of hydrogen and helium 
known to exist in the sun, Eddington's 
theory received wide support, although 
there was no satisfactory mechanism 
to account for the formation of helium 
from hydrogen. 


Sources or STELLAR ENERGY 


14.105. In 1929, R. d'E. Atkinson 
and F. G. Houtermans, in Germany, 
considered that energy might be liber- 
ated in the stars as a result of nuclear 
fusion reactions occurring at the very 
high stellar temperatures, from 15 to 
30 million degrees Kelvin (§ 3.27 foot- 
note). Such processes are called thermo- 
nuclear reactions and there are reasons 
for believing that they can take place 
at rates sufficient to account for the 
release of large amounts of stellar 
energy. 

14.106. The arguments may be pre- 
sented in the following manner. In 
order for two nuclei to interact, they 
must have enough kinetic energy to 
permit them to overcome (or pene- 
trate) the electrostatic repulsion bar- 
rier which tends to keep them apart 
(810.17, et seg.). Simple calculations 
Show that, for nuclei of the lowest 
atomic number, e.g., the isotopes of 


538 
` hydrogen, the energy required to make 
the nuclear reactions occur at a de- 
tectable rate is about 0.1 MeV. Experi- 
ments with accelerators confirm that 
energies of this order are, in fact, 
necessary to cause interaction among 
the nuclei of low atomic number; 
larger amounts are needed for nuclei 
of higher atomic number to overcome 
the greater repulsive force. The en- 
ergy acquired by a charged particle 
in an accelerator is kinetic in nature, 
and the same energy could, in prin- 
ciple, result from a sufficient increase 
-in temperature. But the temperature 
would have to be as high as 1000 
million degrees Kelvin, if the average 
energy of the particles is to be0.1 MeV. 
Such temperatures are considerably 
higher than those existing in stars. 
_ 14,107. It was noted in $ 11.39 that, 
at any given temperature, there is a 
Maxwellian distribution of energies 
among the molecules of a gas. At tem- 
peratures of millions of degrees a gas 
does not consist of molecules, but 
rather of a completely ionized sys- 
tem called a plasma.* Although it 
is as a whole electrically neutral, a 
plasma contains equivalent quantities 
of positively charged nuclei (ions) and 
negative electrons. Nevertheless, the 
concept of the distribution of energies 
should apply. As a consequence, it fol- 
lows that, whereas most nuclei will have 
energies close to the average value for 
the existing temperature, there will 
always be a certain proportion with 
energies greatly exceeding the average. 
Thus, at a temperature of 20 million 
degrees, for example, where the aver- 
age kinetic energy is only 0.002 MeV, 
there are an appreciable number of 
nuclei .with energies of 0.1 MeV or 
more. These have sufficient energy to 
permit them to take part in thermo- 


* Because of their unusual properties (cf. § 14.129 et seg.), plasmas are often referred to 85 - 
the “fourth state of matter,” thus reviving d expresion t A m W. Crookes in 1879 ($2.22). 
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nuclear fusion reactions resulting in 
the release of energy. 3 
14.108. The foregoing discussion has 

tacitly assumed, for simplicity, a 
threshold energy below which the nu- 
clear reaction does not occur. Actually 
this is not the case, for there is a 
certain probability (or cross section) 
that reaction will take place at any - 
energy. For the isotopes of hydrogen, 
the reaction cross sections are insig- 
nificant at energies below about 0.01 
MeV (10 keV), but they increase rap- 
idly at higher energies. The rate of the 
thermonuclear reaction depends on the | 
product of the number of nuclei having 
a certain energy and the reaction cross 
section at that energy. The general 
nature of the variation of these quan- 
tities at a given temperature is shown - 
in Fig. 14.9. It is seen that most of 


CROSS SECTION 
(RCACTION PROBABILITY! 


NO. OF NUCLEI On CROSS SECTION 


NUCLEAR (PARTICLE) ENERGY 


Fic. 14.9. Dependence of rate of nuclear 
reaction on particle energy at a given:tem- - 
perature. 


the reactions are due to nuclei with 
energies in excess of the average. ; 
14.109. At the time the theory of - 
nuclear reactions at high temperatures | 
was proposed, there were insufficient ] 
data to permit of its development. 
Since 1938, largely due to the sugges- ~ 
tions of H. A. Bethe in the United 
States, two sets of nuclear reactions 
have been found to account for the” 
energies of what are called “main - 
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sequence” stars. The first is known as 
the carbon cycle, in which carbon acts 
as a sort of catalyst in facilitating the 
combination of four protons to form a 
helium nucleus.* The second is re- 
ferred to as the proton-proton chain, 
since the first step involves the combi- 
nation of two protons. Other nuclear 
reactions accompanied by the release 
of energy undoubtedly occur in older 
(and hotter) stars, but those given 
below appear to be the most important 
sources of energy in stars of the main 
sequence. 

14.110. In the carbon cycle, a proton 
(hydrogen nucleus) first interaets with 
a 2C nucleus, with a release of (fusion) 
energy; thus, Á 


"C + IH = EN + energy. 


The product !*N is known to be radio- 
active, emitting a positron, with a half- 
life of 10.1 min; consequently, it decays 
in a very short time, according to the 
equation 


HN = RO + te. 
The stable !*C nucleus then reacts 


with another proton, more energy be- 
ing liberated by the process 


30 + IH = 4N + energy, 
which is followed by combination of 
the stable “N nucleus with a third 
proton; thus, 

4N + 1H = 180 + energy. 


The “0 is a positive beta-emitter, with 
a half-life of 2.05 min, which decays 
by the process 

130 = UN + +e, 


and, finally, the resulting N interacts 
with a fourth proton, 
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EN + iH = 5C + fHe, 
so that the "C nucleus is regenerated. t 
14.111. Upon adding the six fore- 
going equations, it is seen that the 
over-all reaction is 


41H = $He + 2,1e + energy, 


the carbon nucleus having acted much 
like a catalyst in a series of chemical 
reactions. Since the four protons are 
associated with four electrons, to main- 
tain electrical neutrality, whereas only 
two are required for the helium nu- 
cleus, two electrons will be available 
to combine with the two positrons; the 
net result is thus equivalent to the 
conversion of four hydrogen atoms into 
a helium atom, plus energy amounting 
to a total of about 26.7 MeV. 

14.112. In the proton-proton chain, 
two protons first fuse to produce a 
deuterium nucleus and a positron (plus 
a neutrino); thus, 


IH + HH. = 1D + 4%e + energy. 


The deuteron then combines with an- 
other proton to yield helium-3, i.e., 


1D + 1H = $He + energy, 


and then two helium-3 nuclei interact; 
thus, 


3He + 2He = {He + 2 1H + energy. 


To obtain the two helium-3 nuclei each 
of the first two stages must occur twice, 
and upon adding the various equations, 
the net result is found to be the same 
as that given in § 14.111, namely, the 
formation of a helium-4 nucleus (and 
two positrons) from four protons. The 
energy released is the same as in the 
carbon cycle, namely, 26.7 MeV for 
each helium nucleus (or atom) pro- 
duced. 


* A similar scheme was proposed independently by C. F. von Weizsücker in Germany. 
t The positive beta-decays of N and of 5O are each accompanied by the emission of a 


neutrino (§ 8.58). 
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14.113. The relative probabilities of 
the carbon cycle and the proton-proton 
chain depend on the temperature. At 
low (stéllar) temperatures, the proton- 
proton chain predominates, but as the 
temperature is raised the carbon cycle 
rapidly becomes of increasing signifi- 
cance. Hence, in the larger (and hot- 
ter) stars of the main sequence, it is 
probable that nearly all the energy 
comes from the carbon cycle, but in 
the smaller (and cooler) stars, the 
proton-proton chain is the main sourcé 
of energy. In the sun, with an interior 
temperature of about 15 million de- 
grees Kelvin, the proton-proton chain 
predominates, but at temperatures 
above 20 million degrees (or so), the 
carbon cycle provides most of the 
energy. 

14.114. Caleulations based on the 
rate at which energy is received from 
the sun show that 2.0 X 10!? kilo- 
grams of hydrogen are converted into 
helium annually. The total mass of 
hydrogen in the sun is estimated to be 
about 2 X 10% kilograms, but it is 
expected that.after 5 percent of this, 
i.e., 10” kilograms, has been consumed, 
the sun will leave the main sequence 
of stars and become much hotter than 
it is now. It would appear, therefore, 
that the earth should continue to re- 
ceive solar radiation at about the same 
rate as at present for another 5 X 10°, 
i.e., 5 billion, years. 


THERMONUCLEAR REACTIONS 
ON EARTH 


14.115. The possibility of bringing 
about thermonuclear fusion reactions 
on earth, to serve as a source of energy, 
has naturally attracted much atten- 
tion. Bearing in mind the masses of 
material available on earth, it is certain 
that the reactions of the carbon cycle 
and the proton-proton chain would 
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occur too slowly to be of any practical 
value. It is necessary, therefore, to 
seek for other nuclear reactions involv- 
ing the lightest nuclei, and the only 
ones which appear to offer any pros- 
pects for success are three reactions 
among the nuclei of the hydrogen iso- 
topes, deuterium and tritium; they are 


1D + 1D = $He + jn + 3.2 MeV 
1D + 1D = iT + IH + 4.0 MeV, 


which take place at approximately the 
same rate at a given temperature, and 


iT + 7D = £He + jn + 17.6 MeV, 


the rate of which, at equivalent con- 
centrations, is about a hundred times 
as great at temperatures of present 
interest. 

14.116. If these reactions could be 
made to occur under suitable condi- 
tions, the deuterium present in all 
natural waters, to the extent of 0.015 
atomic percent, i.e., one atom of deu- 
terium to about 6500 atoms of ordinary 
hydrogen, would represent an almost 
inexhaustible supply of energy. It has 
been calculated that the energy equiv- 
alent of the deuterium in one gallon of 
water is the same as that obtainable 
from the combustion of 300 gallons of 
gasoline. The more than 10% gallons of 
water present in the oceans could thus 
supply the world’s power requirement 
for several million years, if the deu- 
terium could be utilized to provide 
energy by fusion reactions. 

14.117, One of the important aspects 
of nuclear fusion as a source of energy 
is that the basic fuel material, namely 
water, is readily accessible. Further- 
more, the cost of extracting the deu- 
terium is not large. In 1967, the U. S. 
Atomic Energy Commission was selling 
heavy water (deuterium oxide) for 
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$24.50 per pound.* The cost'of the 
deuterium in a gallon of ordinary 
water is thus less than 4 cents; this is 
quite insignificant compared with the 
energy equivalent of 300 gallons of 
gasoline. As in nuclear fission, how- 
ever, the price of the fuel would repre- 
sent only a small portion of the cost 
of the electric power produced. Never- 
theless, the prospect of obtaining 
extremely large quantities of energy 
from a cheap and available source has 
stimulated efforts in many countries 
to find answers to the very difficult 
problems that stand in the way of 
fusion power becoming a reality. 
14.118. Before describing the condi- 
tions that must be realized if fusion 
energy is to be released in a practical 
manner, it is desirable to consider the 
evidence that the fusion of deuterium 
nuclei is indeed possible. In the first 
place, it is known that accelerated 
deuterons will react with deuterium or 
tritium nuclei in a target (§ 10.61 et 
seq.). In fact, it is from laboratory 
observations of this kind that the basic 
fusion data, such as reaction cross sec- 
tions, have been determined. From the 
measured cross sections at various deu- 
teron energies, the rates of the fusion 
reactions given above have been cal- 
culated as a function of temperature. 
As a result, it is known that tempera- 
tures of many million degrees, higher 
than in the interior of the sun, are 
required to make the thermonuclear 
fusion reactions take place at a-useful 
rate. 
` 14.119. Since accelerator studies have 
established the feasibility of the deu- 
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terium (and tritium) reactions, it has 
often been asked why accelerators are 
not used ás a means of producing fusion 
energy. The answer is that the great 
majority of the accelerated deuter- 
ons impinging on a target contain- 
ing deuterium (or tritium), nuclei do 
not undergo fusion reactions, but are ` 
merely scattered (§ 10.94). As a result 
of scattering, the energy of the deu- 
teron is soon decreased to a point at 
which the cross section for fusion be- 
comes insignificant. In effect most of 
the energy of the accelerated deuterons 
is dissipated as essentially useless heat 
in the target. Much more energy is 
consequently spent in accelerating the 
deuterons than is liberated in the small 
number of fusion reactions that occur. 
This is clearly not an economical pro- 
cedure for the production of nuclear 
energy. 

14,120. Further evidence for the fea- 
sibility of fusion reactions is found in 
the hydrogen (or thermonuclear) bomb. 
In devices of this type, the tempera- 
ture of several tens of million degrees 
required to bring about fusion of the 
nuclei in deuterium or in a mixture 
with tritium is obtained by means of 
a fission explosion. The very rapid 
release of large amounts of energy in 
the thermonuclear fusion reactions 
among the isotopes of hydrogen leads 
to a very powerful explosion.{ Explo- 
sive energy yields in the megaton TNT 
equivalent range (§ 14.90) have been 
obtained in this manner. 

14.121. In a hydrogen bomb the 
thermonuclear reactions take place 
and produce energy in an uncon- 


* The total energy obtainable (in theory) from the fission of the deuterium nuclei in 1 pound 
of heavy water is equivalent to that from over 1000 tons of coal or about 200,000 gallons 


of fuel oil. 


1 Two of the fusion reactions given in § 14.115 are accompanied by the release of fast 
neutrons; these neutrons can cause fission of uranium-238 nuclei present in a blanket of 
ordinary uranium that surrounds the fusion weapon. The fission energy thus released can 


make a considerable contribution to the over-all ene 


yield of the explosion. This is the 


basis of what has sometimes been called the “fission-fusion-fission” bomb. 
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trolled manner. The problem of im- 
mediate interest is, therefore, how to 
cause the fusion reactions to occur at 
a rate that will lead to the controlled 
release of the accompanying energy. 
Unfortunately, there is no way of scal- 
ing (or slowing) down the hydrogen 
bomb, and so other means must be 
sought. As a first step in this search, 
some of the essential conditions that 
must be satisfied in a controlled ther- 
monuclear process will be examined. 


CoNDITIONS FoR 
CONTROLLED Fusion 


14.122. In order to provide useful 
energy, the process must be self- 
sustaining; once enough heat has been 
supplied to raise the temperature of 
deuterium (or a mixture with tritium) 
to the point at which nuclear fusion 
oceurs at an appreciable rate, the en- 
ergy released must be sufficient, at 
least, to maintain that temperature. 
Tn estimating the minimum tempera- 
ture at which a particular thermo- 
nuclear system becomes self-sustaining, 
a balance must be struck between the 
energy released in the fusion reactions 
and the amount lost, chiefly as escap- 
ing radiation. Both of these quantities 
increase as the temperature is raised, 
but the energy release goes up more 
rapidly than the radiation loss; hence, 
at a certain temperature the process 
should become self-sustaining. This is 
the basis of the concept of the critical 
(or ideal) ignition temperature, intro- 
duced by E. Fermi in his lectures on 
thermonuclear reactions given at Los 
Alamos in 1944. 

14.123. Consider, first, the rate at 
which fusion energy is released. This 
can be caleulated at any temperature 
from the known reaction cross sections, 
assuming a Maxwell distribution of 
energies appropriate to each tempera- 
ture, together with the data in § 14.115. 
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For a reason which will be apparent 
shortly, only that part of the energy 
carried by the charged particles, i.e., 
H, *He, T, and ‘He, would be deposited 
locally and would be available to the 
reacting system. The neutrons would 
escape and carry their energy with 
them. Hence, one fourth of the total 
energy released in the first D-D reac- 
tion and four fifths of that in the 
D-T reaction will be deposited else- 
where. This energy will not necessarily 
be lost, since the neutrons can be 
slowed down and captured, but this 
will not help in maintaining the tem- 
perature of the deuterium and tritium. 

14.124. At the temperatures of ther- 
monuclear interest, the various gases 
are in the form of a plasma consisting 
only of nuclei and electrons. If such 
a plasma behaved as a black body, 
the radiation loss would be extremely 
large at temperatures of the order of 
millions of degrees, since it is propor- 
tional to the fourth power of the tem- 
perature (§ 3.27). Because of the very 
low density of the plasma that will 
have to be used in controlled thermo- 
nuclear reactions and the relatively 
small volume of the system, it does not 
radiate as a black body. The radiation 
should consist mainly of bremsstrahlung 
accompanying the deflection of the rap- 
idly moving electrons in the plasma by 
the electrostatic fields of the posi- 
tively charged nuclei (§ 4.75). The 
bremsstrahlung at thermonuclear tem- 
peratures are largely in the short wave- 
length (X-ray) region of the spectrum 
(Fig. 3.4). They could be absorbed 
outside the reacting system, so that 
their energy is not lost completely; 
nevertheless, like that of the neutrons 
produced in the fusion reactions, it is 
not available for maintuining the 
temperature. 

14.125. The results of the calcula- 
tions of the rate of energy production 
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in the two D-D reactions and in the 
D-T reaction and of energy lost as 
radiation at various temperatures is 
shown in Fig. 14.10. The values apply 
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Fig. 14.10. Critical ignition temperatures 
for the D-D and D-T reactions. 


specifically to plasmas containing 10” 
nuclei per ec, but the conclusions to 
be drawn from the curves are inde- 
pendent of the particle density. In 
accordance with the common practice 
in thermonuclear work, the tempera- 
tures are expressed in kilo-electron 
volts, ie., keV. This is strictly an 
energy unit (8 3.33), and the so-called 
temperature in keV units is actually 
equal to kT, where k is the Boltzmann 
constant and T is the absolute tem- 
perature (cf. § 11.39). Since k is equal 
to 8.01 X 10-5 eV (or 8.62 X 107* 
keV) per degree, it is seen that à tem- 
perature of 1 keV is equivalent to 
1/(8.01 X 10-5) = 1.16 X 10’ degrees 
Kelvin.* 

14.126. Examination of Fig. 14.10 
shows that the critical ignition tem- 
perature, above which the rate of en- 
ergy production by fusion exceeds the 
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rate of energy loss as bremsstrahlung, 
is about 5 keV for a deuterium-tritium 
system and about 40 keV for deuterium 
alone. These temperatures, which are 
over 50 million and 400 million degrees, 
respectively, are much higher than at 
the center of the sun. High as they 
are, they are minimum temperatures, 
for at least two reasons. First, in cal- 
culating the rate of energy loss as 
bremsstrahlung it is assumed that the 
only nuclei in the system are those of 
hydrogen isotopes. The presence of nu- 
cléi of higher atomic number will in- 
crease the rate of escape of radiation. 
Hence, impurities, and even the helium 
nuclei formed in the fusion reactions, 
will tend to raise the ideal ignition 
temperature. In addition, there is a 
distinct possibility that, at very high 
temperatures, another type of radia- 
tion loss may becom^ important. For the 
present, however, the critical ignition 
temperatures derived from Fig. 14.10 
may be used as a guide. 

14.127. Another necessary condition 
for a self-sustaining thermonuclear sys- 
tem, pointed out by J. D. Lawson in 


England in 1957, is referred to as the 


Lawson criterion. It is based on the 
requirement. that, in the operation of 
a practical reactor for producing power 
from nuelear fusion, the total useful 
recoverable energy shall be at least 
sufficient to maintain the temperature 
of the reacting species. It has been 
shown that the criterion can be ex- 
pressed in terms of the product nt, 
where n is the number of reacting 
nuclei per cubic centimeter and tis the 
time in seconds during which thermo- . 
nuclear reaction takes place. The cal- 
culated minimum values for ni are 
6 X 10" for the deuterium-tritium sys- 
tem and 2 X 10? for a deuterium 
system, In applying the Lawson eri- 


* An approximate rule commonly used is that 1 eV is equivalent to 10* degrees and 1 keV 


to 10" degrees Kelvin. 
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terion to experiments on controlled 
thermonuclear reactions, ¢ is taken 
as the time during which the high- 
temperature plasma can be confined. 

14.128. It is evident that both the 
critical ignition temperature. and the 
Lawson criterion are very much more 
favorable for a deuterium-tritium mix- 
ture than for deuterium alone. But the 
former system has the drawback of 
requiring tritium which must be ob- 
tained by nuclear reactions. It is 
reasonably certain, however, that the 
first controlled fusion power reactors 
will use tritium, and the production of 
this isotope will be part of the operat- 
ing cycle, To start a reactor, a certain 
amount of tritium will be necessary, 
but once it is in operation, the neutrons 
produced in the D-T reaction will be 
utilized in the following manner. First, 
the fast (14-MeV) neutrons escaping 
will enter a blanket of beryllium, where 
the reaction *Be(n,2n)2*He will occur, 
thus essentially doubling the available 
number of neutrons (of lower energy). 
The slowed down neutrons will then 
react with lithium-6 nuclei, present in 
ordinary lithium, to regenerate tritium 
($11.58) for subsequent use in the 
reactor. 


PLASMA CONFINEMENT 


14.129. The next question to con- 
sider is how a hot plasma is to be 
confined.* At first thought, it would 
appear that no solid material could 
withstand the temperature of many 
millions of degrees required for the 
fusion system, But this is not the real 
problem. The density of the plasma is 
80 low that, in spite of its high tem- 
perature, the total energy ‘content 
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would be insufficient to cause any sig- 
nificant damage to a containing vessel. 
There are two more important reasons 
why the particles, i.e., nuclei and elec- 
trons, in the plasma must be kept 
away from the walls of a container. 
First, as a result of striking the walls 
the particles lose energy and the plasma 
is cooled. At temperatures of millions 
of degrees, this cooling would take 
place so rapidly that no appreciable 
amount of fusion could occur. Second, 
when the hot plasma particles transfer 
their energy to the walls, local heating 
will cause some of the wall material to 
vaporize and enter the plasma. The 
impurities of fairly high atomic num- 
ber thereby introduced will greatly in- 
crease the loss of energy by radiation 
(bremsstrahlung). 

14.130, The only known means for 
confining a high-temperature plasma 
is based on the fact that it is difficult 
for electrically charged particles to 
cross the lines of force of a magnetic 
field. A plasma, consisting of charged 
nuclei and electrons, can therefore be 
confined by a magnetic field of suitable 
form.{ As will be seen shortly, experi- 
ments are in progress utilizing various 
types and combinations of magnetic 
fields in efforts to achieve stable con- 
finement of plasmas. A major cause of 
concern has been the tendency of the 
plasma particles to escape from the 
field which should theoretically confine 
them. The phenomena are of several 
different types but they are commonly 
referred to by the general term of 
plasma instabilities. Considerable ef- 
fort has been devoted to attempts to 
understand and overcome these insta- 
bilities, but so far with only partial 
success. Until the plasma instabilities 


* In the sun and stars, the plasma is held together by the enormous gravitational forces of 


such massive bodies. 


¢ Since der have no electrical charge, neutrons will escape from a plasma confined by a 


ino 


. It is for this reason that the energy carried by the neutrons was not inclu 
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can be controlled or avoided, the pro- 
duction of energy by controlled fusion 
will not be a practical possibility. 

14.131. The instability of a plasma 
is largely due to the presence of elec- 
trically charged particles. The electric 
and magnetic fields produced by their 
motion cause the particles to act ina 
collective (or cooperative) manner. In 
some instances the whole plasma be- 
haves in this way, like a body of liquid 
undergoing unstable motion. Such in- 
stabilities of the plasma in a magnetic 
field are therefore referred to as hydro- 
magnetic (or magnetohydrodynamic) in- 
stabilities. Other instabilities, known 
as micro- (or wave-particle) instabilities, 
appear to be more closely related to 
localized disturbances, somewhat sim- 
ilar to local turbulence of a liquid 
flowing in a pipe. Further reference to 
various instabilities and to the possible 
means for controlling them will be 
made in due course. 

14.132. Ideally, the lines of force of 
a magnetic field should be incapable 
of penetrating a plasma; thus, the 
plasma could be surrounded and con- 
fined by the field. In this situation the 
magnetic field may be regarded as 
exerting an inward pressure on the 
plasma equal to B?/8x, where B is the 
strength of the field. This magnetic 
pressure would be opposed by the out- 
ward (kinetic) pressure arising from 
the motion of the particles in the 
plasma. When a condition of balance 
(or equilibrium) is attained between 
the two pressures, the particle pressure 
in a completely ionized plasma of 
hydrogen isotopes would be 2nkT, 
where n is the number of nuclei (and 
of electrons) per cubic centimeter, k is 
the Boltzmann constant, and T is the 
temperature on the Kelvin scale.* It is 
then possible to write 
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B 
Sa = 2nkT, 


T 


(14.7) 


where B is expressed in gauss and kT 
is in ergs, obtained by multiplying the 
temperature in keV by 1.60 X 107° 
(83.33). 

14.133. One use which can be made 
of equation (14.7) is to calculate the 
maximum particle density of a plasma 
that can be confined by a given mag- 
netic field at a specified temperature. 
The strongest useful magnetic fields 
attainable at present have a strength 
of about 100,000 gauss. Suppose the 
confined plasma has a temperature of 
10 keV, ie, kT = 1.60 X 107* ergs; 
it follows from equation (14.5) that n, 
the number of hydrogen isotope nuclei 
per cubic centimeter, is about 6 X 105. 
"This consequently represents the max- 
imum density that could be confined 
by the strongest magnetic fields cur- 
rently available. As far as can be 
estimated at present, therefore, the 
plasma in a controlled thermonuclear 
system for the practical release of fu- 
sion energy, operating at temperatures 
of 10 to 100 keV, will contain about 
10% to 10%? nuclei per cc. Thus, the 
magnetic field determines another con- 
dition for the operation of a thermo- 
nuclear power reaetor. 

14.134. By purecoincidence, the par- 
ticle density given above happens to be 
about as high as could be tolerated 
from the standpoint of heat removal. 
If the density were higher, the rate of 
energy production (as heat) by fusion 
reactions would be greater than the 
maximum rate of removal by known 
methods. It would thus be necessary 
to decrease the plasma density in order 
to avoid damage to the reactor. Inci- 
dentaily, by ordinary standards, a 
density of 10/5 particles per ce is very 


*It is assumed that the nuclei and electrons are at the same temperature, i.c., they have 
the same kinetic energy, although this is not always true. 
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low; this value may be compared, for 
example, with 3 X 19!? partieles (mole- 
cules) per ec in a gas at normal tem- 
perature and atmospheric pressure. At 
thermonuclear temperatures, however, 
the plasma would generate pressures 
of several hundred atmospheres. 
14,135. In the ideal situation envis- 
aged above, the magnetic field lines do 
not penetrate the plasma, Because a 
plasma is not a perfect conductor of 
electricity, however, there is inevitably 
some intermixing of the plasma and 
the magnetic field. This partial mixing 
leads to a less effective confinement 
and the maximum particle density is 
somewhat less than given by equa- 
tion (14.7), Nevertheless, sufficiently 
strong magnetic fields could provide 
adequate confinement, which can now 
be considered from another standpoint. 
When a magnetic field penetrates a 
plasma, the motion of the charged 
particies is no longer random, as it is 
in the absence of a field. The particles 
are compelled to follow helical, i.e., 
spiral, paths encircling the lines of force; 
positively charged particles spiral in 
one direction and negative particles in 
the opposite direction (Fig. 14.11). 


MAGNETIC 
FIELD 


Fro. 14.11. 


1 „Positive and negative charged 
particles. spiraling Qupd magnetic field 
ines. 


Consequently, the charged particles 
are not free, except temporarily as the 
result of a collision, to move across the 
magnetic field lines; access of the 
plasma to the walls of the containing 
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vessel is thus restricted. In a sense, 
each particle is “tied” to a line of 
magnetic force about which it spirals 
continuously, unless disturbed in some 
manner. 

14.136. Partly because of its great 
economie signifieance and partly be- 
cause of the scientific challenge, stud- 
ies of plasmas, directed toward the 
ultimate goal of controlled fusion, are 
proceeding in many parts of the world. 
To judge from the number of individ- 
uals involved in this work, the major 
effort is being made in the U.S.S.R., 
with the United States and the United 
Kingdom next in order; other coun- 
iries in which such research is now 
being done include West Germany, 
France, Japan, the Netherlands, Italy, 
Australia, Denmark, Sweden, and 
Switzerland. 

14.137. The complexity of the prob- 
lems and the many difficulties encoun- 
tered have made it necessary to follow 
several different lines of investigation. 
Some of the major studies aimed at 
finding suitable conditions for confin- 
ing and heating plasmas are described 
in the subsequent sections. Although, 
as stated in § 14.128, it will probably 
be necessary to use a deuterium-tritium 
mixture in the first eontrolled fusion 
reactors, experimental work is invari- 
ably performed with the less expensive 
deuterium or sometimes with ordinary 
hydrogen. There is little doubt that 
plasmas of mixtures of hydrogen iso- 
topes will behave just like the indi- 
vidual isotopes. 


Tue Pincu Errecr 


14,138. The earliest attempts to 
achieve plasma confinement and heat- 
ing, with the object of causing thermo- 
nuclear reactions to occur, were made 
almost simultaneously and independ- 
ently in the United States, in the 
United Kingdom, and in the U.S.S.R. 
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in the early 1950s, utilizing what is 
called the pinch effect. This effect in 
a plasma was considered. theoretically 
by the American physicists W. H. 
Bennett in 1934 and L. Tonks in 1937, 
and it was the latter. who gave the 
phenomenon. its familiar name. The 
first experimental observations of the 
pinch effect to be reported were made 
in England by A. A. Ware in 1951. 
For the next few years, the results of 
research on controlled fusion were 
treated as secret, but since 1958, 
when an international agreement was 
reached among the countries mentioned 
above, the information has been pub- 
lished without restriction, as far as is 
known. i 

14.139. In order to realize the pinch 
effect, a very strong electric current, 
amounting to a million (or more) am- 
peres, is passed through a gas, €.£. 
deuterium, at low pressure. The cur- 
rent heats the gas and ionizes it, thus 

* converting it into a plasma. At the 
same time, the current flow produces 
a magnetic field with its lines of force 
encircling the plasma. The pressure of 
this field then compresses (or pinches) 
the plasma into a narrow region in the 
center of the containing vessel, which 
may be ring shaped, i.e., a torus, oF à 
straight tube. Not only is the plasma 
kept away from the walls in this man- 
ner, but it is also heated by the current 
itself and by the compression produced 
by the magnetic field the current 
generates. 

14.140. The pinch effect seemed to 
be a simple and promising method for 
producing and confining the high- 
temperature plasma required to cause 
nuclear fusion to take place in deuter- 
ium or in a deuterium-tritium mixture. 
It soon became apparent, however, 
that the pinched plasma was highly 
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unstable. Partial success was achieved 
in controlling the instabilities by the 
use of subsidiary magnetic fields, but, 
at best, the pinched plasma persisted 
for only a few millionths of a second, 
ie.,2 few microseconds, before break- 
ing up and touching the walls of the 
containing vessel. Furthermore, during 
the short period of stability, neither 
the particle density nor the tempera- 
ture was anything like that required 
for a sustained thermonuclear reaction. 
Consequently, after about 10 years of 
very intensive study in several coun- 
tries, the pinch effect has been aban- 
doned, at least for the present, as the 
basis for the production of power by 
nuclear fusion. Some experimental 
work is being continued, however, for 
the purpose of learning more about the 
highly complex behavior of plasmas in 
magnetic fields. 


Tur STELLARATOR AND 
RELATED SYSTEMS 


14.141. Another approach to plasma 
confinement makes use of the stellarator* 
principle described by the astrophysi- 
cist L. Spitzer at Princeton University 
in 1951. A somewhat obvious way of 
confining a plasma in a closed (ring- 
shaped) tube, i.e., in a torus, would be 
by means of à magnetic field with the 
lines of force parallel to the circum- 
ference of the ring: Such à field, called 
an azial field, can be produced very 
simply by winding a coil (or several 
separate turns) of wire around the 
tube and passing an electric current 
through it (Fig. 14.12). But this cannot 
lead to stable confinement because the 
magnetic field is stronger at the inner 
perimeter of the torus than it is at the 
outer perimeter. The nonuniformity 
of the magnetic field over the cross 
section of the tube causes the plasma 


* From the Latin, stella (star), because controlled fusion reactions (and temperatures) are 


similar to those in stars. 
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as à whole to move to the outer walls 
and confinement is impossible. 

14.142. The suggestion made by 
Spitzer was to twist the toroidal tube 


FIELD COIL: 


AXIAL MAGNETIC FIELD 


Fic. 14.12. Axial magnetic field in a to- 
roidal tube. 


into a shape like a figure 8, so that it 
was no longer in one plane. In ele- 
mentary terms, the tendency of the 
plasma to drift in a particular direc- 
tion in one bend of the figure-8 (stel- 
larator) tube would be compensated 
by the opposite tendency in the other 
bend. A comparison of the magnetic 
field lines in a simple (planar) torus 
and those in a (nonplanar) stellarator 
tube reveals a fundamental difference: 
in the former case, each line of force 
closes on itself in a single passage 
around the torus, but in the latter it 
does not. In each circuit of the stel- 
larator tube, a line of foree is somewhat 
displaced from its original position; a 
magnetie field of this type is said to 
possess a rotational transform. If fol- 
lowed around and around for many 
circuits it will be found that a single- 
line of force twists gradually and devel- 
Ops a closed toroidal surface of field 
lines. The whole magnetic field thus 
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consists of.a” Series of such surfaces, 
one lying within the other. 

14.143. Ins ‘of using a figure-8 
tube to obtain a rotational transform, 
Spitzer later showed that the same 
result could be obtained with a planar 
oval-shaped (racetrack) tube by a 
combination of magnetic fields. Two 
sets of coils are employed; one set, 
called the confining field coils, are of 
the simple type for generating an axial 
field. (Fig. 14.12), whereas the other 
set, the helical windings, produces the 
required twist or rotational transform. 
The helical windings, as the name 
implies, are twisted, as indicated in 
Fig. 14.13, with current flowing in op- 


Fig. 14.13. Helical windings of magnetic 
field coils to produce a rotational transform. 


posite directions in alternate turns, 
The field coils are located around most 
of the racetrack stellarator tube but 
the helical windings are used only at 
the ends. The pitch (or twist) of the 
windings is different at the two ends; 
the main purpose of one is to produce 
the rotational transform whereas the 
other is intended partly to inhibit cer- 
tain plasma instabilities (§ 14.147). 
14.144. The earliest stellarators were 
of the figure-8 (or related nonplanar) 
type, but later a planar, racetrack tube 
was used. The most recent, the Model C 
Stellarator, which was completed at 
Princeton in 1961, is a large and com- 
plex but flexible facility for the study 
of plasma confinement and heating 
(Fig. 14.14). The tube is of stainless 
steel with an internal diameter of 
8 inches; the over-all length is nearly 
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40 feet. The maximum stréhgth of the 
axial magnetic field is*about 50,000 
gauss which is held constant for peri- 
ods up to 1 see or so.* The Model C 
Stellarator could be operated continu- 
ously, in principle, but it actually func- 
tions in pulses, at a rate of two per 
minute, because of the very large 


amounts of electric power required to 
energize the magnets. 

14.145. In the operation of a stella- 
rator, formation and heating of the 
plasma are generally accomplished in 
three stages. First, a radio-frequency 
discharge is used to preionize the low- 
pressure deuterium (or other) gas in 
the tube. The resulting weakly ionized 
plasma is confined by the magnetic 
fields and a heating current is induced 
from the outside by means of trans- 


Fig. 14,14. The Model C Stellarator. (Princeton University) 
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formers. The:procedure is called ohmic 
(or resistance) heating because, as in & 
conventional electric heater, it depends 
on the resistances (in ohms) of the 
plasma. By ohmic heating the tem- 
perature of the plasma can be raised 
to about 0.1 keV. The heating current 
must not exceed a certain critical value, 


ae. 


otherwise a type of hydromagnetic in- 
stability develops in the plasma. 
14.146. To attain temperatures of 
thermonuclear interest, other heating 
techniques must be used. In one 
method, known as zon cyclotron heat- 
ing, the local magnetic field in one 
region of the stellarator is continu- 
ously varied at a frequency slightly 
lower than that at which the ions 
(nuclei) spiral about the magnetic 
field lines.* Some of the energy of the 


* The latter frequency is expressed by the cyclotron frequency equation (9.4). 


vs 
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varying field is then transferred to the 
ions and appears as heat. Experiments 
indicate that ion temperatures of at 
least 2 keV can be attained in this 
manner. Another heating procedure, 
magnetic pumping, also makes use of 
an oscillating magnetic field, but not 
at the ion cyclotron frequency. The 
plasma is alternately compressed and 
expanded as the field increases and 
decreases. If the alternating frequency 


is chosen correctly, the net result 
should be a heating of the plasma.* 

14.147. Before the Model C Stella- 
rator was constructed it was known 
that the plasma might be subject to 
a form of hydromagnetic instability 
called the interchange (or flute) insta- 
bility (Fig. 14.15). In fact, any plasma 
that is confined by an axial magnetic 
field, i.e., with the field lines parallel 
to the main direction of the plasma, is 
liable to suffer this type of instability. 
It can arise when a disturbance, e.g., 
a slightlvariation in the confining field, 
causes a ridge to develop along the 
length of the plasma, rather like the 
fluting of a column. Corresponding to 
the ridge of plasma protruding into the 
magnetic field, there is a valley in 
which the magnetie field extends into 
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the plasma: The resulting interchange 
between the plasma and the confining 
field leads to a decrease in energy and 
consequently, once it has started, it 
will continue until the plasma is com- 
pletely disrupted. The purpose of one 
of the helical windings mentioned in 
§ 14.143 is to produce such a twist (or 
shear) in the magnetic field of the 
stellarator that interchange with the 
plasma should result in an increase, 


. 
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ee 5 eee 
DT FIELD LINES 

Fia. 14.15. Development of a “flute” instability in a plasma. 


rather than a decrease, in energy. The 
onset of interchange instability should 
thus be retarded. 

14.148. Studies with the Model C 
Stellarator have shown that instabili- 
ties of the hydromagnetic type, involv- 
ing gross motions of the plasma, can 
be largely, although not completely 
controlled. It is expected that this situ- 
ation will improve, however, as higher 
temperatures are attained and the elec- 
trical conductivity of the plasma in- 
creases. Unfortunately, there are also 
other types of instabilities, not yet 
understood, which lead to loss of 
plasma to the walls of the containing 
tube. Efforts are consequently being 
made to account for these instabilities 
and to find methods for overcoming 
them. 


_ * The duration of a half-cycle in the oscillations should be approximately equal to the time 
if takes an ion to traverse the region over which the alternating magnetic field is applied. 
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14.149. Brief mention may be made 
of two devices in which the stellarator 
characteristics of rotational transform 
and magnetic shear are produced in 
other ways. One is the Levitron at the 
Lawrence Radiation Laboratory, Liver- 
more, California; this consists of a cir- 
cular torus with a levitated, metal 
conducting ring in the center. Current 
induced in the ring then generates a 
magnetic (azimuthal) field around it; 
at the same time, an axial field is 
produced by coils around the torus. 
The combination of the two fields 
leads to the formation of a sheared 
axial field similar to that in the stella- 
rator. A similar effect is produced in 
the Tokomak* in the U.S.S.R., except 
that the current producing the azi- 
muthal magnetic field passes through 
the plasma rather than a metal ring. 


Magnetic Mirror SYSTEMS 


14.150. In the stellarator and other 
systems using closed (toroidal) con- 
taining tubes, the plasma cannot es- 
cape in the axial direction, and so 
confinement is required only in the 
radial (or outward) direction. In mag- 
netic mirror systems, however, the 
plasma is contained in open-ended 
tubes and losses from the ends are 
hindered by means of appropriate ax- 
ial magnetic fields. Similar fields con- 
fine the plasma in the radial direction. 
In its simplest form, the magnetic mir- 
ror arrangement consists of a straight 
tube with magnet coils wound around 
it in such a way as to provide a field 
that is considerably stronger at the 
ends than in the middle. A possible 
arrangement of the coils and the result- 
ing lines of force of the magnetic field 
are represented in Fig. 14.16A; the 
corresponding variation in the field 
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strength is indicated immediately be- 


. low (Fig. 14.16B). The stronger mág- 


netic fields at the ends constitute the 
magnetic mirror regions where, under 
certain conditions, charged particles 


Fic. 14.16. Field coils and lines of force 
in a magnetic mirror system (A); variation 
in the magnetic field strength (B). 


are turned back (or reflected) into the 
central region. In this way, the mag- 
netic mirrors inhibit, but do not pre- 
vent entirely, the escape of plasma 
from the ends of the tube. 

14.151. As a charged particle spirals 
along a magnetic field line and ap- 
proaches the mirror region where the 
field is stronger, the radius of the spi- 
ral path decreases and, at the same 
time, the turns of the spiral become 
tighter. If the magnetic mirror field 
is strong enough, the spiral will be so 
tight that the charged particle is 
brought to a virtual stop; subse- 
quently the direction of motion is re- 
versed (Fig. 14.17). In other words, 
the particle is reflected back into the 
region of weaker magnetic field. Such 
a charged particle will spiral back and 
forth along the field lines, after suc- 
cessive reflections at the two ends, and 


* From the Russian lok, meaning (electric) current, and mag, pronounced mak at the end 


of a word, for magnetic. 
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80 it is trapped between the magnetic 
mirrors, * 

14.152. It should be noted that not 
all charged particles in a plasma will 


Fig. 14.17. Reversal of direction of mo- 
tion (reflection) of a charged particle in a 
magnetic mirror. 


undergo reflection at the mirrors. For 
& particle to be reflected, it must have 
a significant component of velocity 
perpendicular to the magnetic field 
lines, i.e., v, in Fig. 14.18, in the cen- 


Fia. 14.18... Component of velocity of a 
particle (v,) perpendicular to the magnetic 
field lines. 


tral region between the mirrors. The 
greater the strength of the magnetic 
field in the mirror region compared to 
that in between, the smaller the value 
of v, relative to the actual velocity, v, 
i.e., v,/v, for which reflection is possi- 
ble. In a plasma, the values of v 1, /v for 
the different particles will range from 
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zero, i.e., when v, = 0, to unity, i.e., 
when v, = v, and so it is not possible, 
in practice, to trap all particles. But, 
the stronger the mirror fields, for a 
given strength in the central region, 
the greater the proportion of charged 
particles that will be trapped. If v, = 0, 
which means that the particle is trav- 
eling parallel to the axis of the tube, the 
particle will inevitably escape through 
the mirror field. 

14.153. As a general rule, in the op- 
eration of a magnetic mirror system, 
the plasma is not generated within the 
containing tube but is injected from 
outside; a few of the ways in which 
this is done are described below. It is 
important that the injected particles 
have an appreciable velocity compo- 
nent v, perpendicular to the field lines. 
If they do not, they will tend to escape 
as they move along the field lines and 
reach the ends of the tube, Once the 
plasma has iva introduced, it can be 
heated further by compression. This 
can be done i/i readily by increasing 
the magnetic field in the central region. 
The mirror fields should be increased 
at the same time to retain the trapping 
characteristics, which depend on the 
ratio of the strengths of the mirror and 
central fields. Because some loss of 
plasma occurs during compression, an 
alternative is to inject particles which 
already have high energies and let 
them acquire a fairly random (Max- 
wellian) distribution as a result of 
collisions. 


METHODS or PLASMA INJECTION 


14.154. The injection of charged par- 
ticles with a significant velocity com- 
ponent »,, i.e., in a radial direction, 
almost directly across. the magnetic 


* The belts of high-energy protons and electrons around earth, discovered by J. A. Van 
d .86). This field 


Allen in 1958, are trap 


in the polar regions, where the lines o 


force enterin, 


the terrestrial magnetic field (819. 
J i o ing the earth 
titudes, where the field lines are distant from earth and are far aj 


is stronger 
are close together, than at 
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field lines, presents a difficulty. Since 
the central field prevents the particles 
from escaping in a radial direction it 
will also oppose their entry. One method 
of solving this problem is to inject elec- 
trically neutral atoms of high energy 
in the required direction; as these par- 
ticles have no charge, they are un- 
affected by the magnetic field. Once 
within the field region, the atoms can 
be ionized to form a plasma of about 
the same high energy. The plasma 
generated in this manner is then con- 
fined by the magnetic fields. 

14.155. Neutral atoms cannot be di- 
rectly accelerated to high velocities, 
le. high energies, and so they are 
produced in an indirect manner. First, 
deuterium ions (deuterons) with ener- 
gies in the kilo-electron volt range, e.g., 
about 20 keV, are obtained from a suit- 
able ion source, and are allowed to pass 
into a chamber containing neutral deu- 
terium gas. Here a charge exchange 
occurs; the high-energy ions (D*) trans- 
fer their charge to low-energy neutral 
atoms (D°), thus 


D+ (high energy) + D? (low energy) — 
D? (high energy) + D+ (low energy). 


The result is the formation of a stream 
of high-energy neutral deuterium atoms 
which enter the magnetic field. In this 
region the atoms are ionized either by 
collisions with some charged particles 
already present or ionization may oc- 
cur by the action of the magnetic field 
(Lorentz force) on the oppositely charged 
constituents of the (excited) deuterium 
atom, i.e., on its nucleus and electron. 

14.156. A somewhat related injection 
procedure used at the Oak Ridge Na- 
tional Laboratory starts with a beam 
of high-energy (600 keV) molecular 
deuterium ions (Df), i.e., deuterium 
molecules which have lost one of their 
two electrons. Ions of such energies are 
readily obtained from a Cockeroft- 
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Walton type of accelerator ($ 9.9). The 
idea is to dissociate (or break up) the 
molecular ions into a deuteron (D+) 
and a neutral atom (D°), i.e., 


D£ —D*-D*. 


Since the mass of the deuteron is half 
that of the molecular ion, its radius of 
curvature in a magnetic field is also 
half (Fig. 14.19), if the velocity is the 


Mcr 
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Fra. 14.19. Paths of molecular deuterium 
ions (D;*) and atomic ions, i.e., deuterons 
(D+), in a magnetic field. 


same [cf. equation (9.1)]. Hence, if a 
beam of high-energy Dý ions is al- 
lowed to break up in a suitable mag- 
netic field with mirrors at the ends, 
the resulting D* ions (deuterons) can 
be trapped, but the undissociated Df 
ions are not. The neutral atoms are not, 
affected by the magnetic field and will 
escape. As a result of collisions, the 
trapped deuterons, which have half the 
energy of the original D£' ions, acquire 
random motion equivalent to a high 
temperature. 

14.157. Of the techniques beingstüd- 
ied for the dissociation of the molecular 
deuterium ions, three will be mentioned 
briefly. One makes use of an electric arc 
for this purpose and a second attempts 
to take advantage of collisions of the © 
molecular ions with other particles, 
e.g., molecules, atoms, and ions, al- 
ready present in the containing vessel. 
A third scheme is based on the Lorentz 
force, mentioned in § 14.155, of the 
confining magnetic field; this force may 
be large enough to break up the molec- 
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ular ions into deuterons and neutral 
atoms. 

14.158. A major problem in the high- 
energy injection methods is the removal 
of neutral atoms (or molecules) of low 
energy. As a consequence of charge 
exchange between a high-energy deu- 
teron and a low-energy neutral parti- 
cle, a high-energy neutral is formed; 
this can readily escape from the system 
leaving a trapped low-energy deuteron. 
Methods are being developed for min- 
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tube. Direct current is passed through 
them so that it flows in opposite 
directions in adjacent conductors (Fig. 
14.20A). The multipolar magnetic field 
produced in this manner is thus super- 
imposed on the normal confining field. 
The resulting field is shown in the radial 
section in Fig. 14.20B. 

14.160. It had been known for some 
time, from theoretical considerations, 
that the interchange instability should 
be inhibited in a situation in which the 


Fic. 14.20. Ioffe bars (A) and resultant magnetic field configuration (B) in a magnetic 
mirror system. 


imizing this serious source of energy 
loss. 


PLASMA STABILIZATION 
IN MaaNETIC WELLS 


14.159. On the whole, plasmas con- 
fined in magnetic mirror fields have 
not exhibited many serious instabili- 
ties. The major hydromagnetie insta- 
bility, which occurs in the central 
region between the mirrors, is the 
interchange (or flute) instability de- 
scribed in § 14.147. Several methods 
of suppressing this instability have 
been proposed, the most important 
being the one suggested by M. S. Ioffe 
in the U.S.S.R. in 1961. An even num- 
ber (four or more) of conductors, often 
referred to as “Toffe bars,” run parallel 


to the central axis of the containing ! 


magnetic field increases in all directions 
outward from the interior of a plasma. 
This is exactly what is achieved by the 
arrangement shown in Fig. 14.20. It 
has become known as the minimum-B 
configuration, since B is the symbol 
commonly employed to represent mag- 
netic field strength. Frequently, the 
plasma is said to be contained in a 
magnetic well. In such a situation, inter- 
change of plasma and magnetic field 
results in an increase of energy; de- 
velopment of the flute instability is 
consequently. retarded. In numerous 
experiments, it has been confirmed that 
the confinement time of a plasma in a 
magnetic mirror system can be greatly 
extended by means of the minimum-B 
field. Several other arrangements of 
magnetic field which provide magnetic- 


a ok 
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well systems have been developed for 
the confinement of plasmas and some 
of these will be described below. 


Cusp SYSTEMS 


14.161. A type of minimum-B con- 
figuration, whieh was studied several 
years before Ioffe’s proposal in connec- 
tion with magnetic mirror confinement, 
is provided by cusp systems.* The sim- 
plest type of cusped magnetic field is 
obtained by using two parallel field 
coils, brought fairly close together, 
carrying currents in opposite direc- 
tions (Fig. 14.21). Plasma can be 


MAGNETIC FIELD LINES 
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FIELD COILS 
Fia. 14.21. A simple cusp magnetic field 
produced by two parallel circular coils. 
injected from outside and confined in 
a relatively stable manner by the 
eusped field. For such injection it is 
particularly convenient to use à plasma 
gun; this is a device for producing a 
burst of deuterium plasma at high 
velocity by passage of a strong elec- 
trical discharge through the gas. Guns 
have also been used for injection into 
mirror fields. 

14.162. The great weakness of the 
simple cusp system is that charged 
particles tend to escape very readily, 
through the two point cusps on the 
horizontal axis in Fig. 14.21 and 


through the ring cusp in the plane 
through the vertical axis. An impor- 
tant factor is that the magnetic field 
at the center of a cusp system is essen- 
tially zero. (This is not so, however, 
in the minimum-B mirror arrangement 
described in § 14.159.) Consequently, 
when charged particles pass through. 
the center of the plasma, the magnetic 
field loses control of them. As a result, 
the random motion of the particles is 
increased and so also is the probability 
of their moving in the direction of the 
cusps where leakage can occur. The 
situation is similar to that in which 
particles pass through a magnetic mir- 
ror when their motion is in the direc- 
tion of the axis (§ 14.152). Techniques 
are being studied for blocking the 
cusps with suitable magnetic fields and 
thus reducing the loss of plasma, while 
retaining its inherent stability. 


THE BasEBALL-CoIL GEOMETRY 


14.163. A promising form of mag- 
netic well for plasma confinement, 
which has been nicknamed the ''base- 
ball field,” apparently originated in 
England, and is being developed in 
that country as well as in the United 
States. The magnetic field, increasing 
outward in all directions, is produced 
by passing an electric current through 
a coil shaped like the seam on a base- 
ball (or tennis ball), represented in 
Fig. 14.22. The magnetic field is quite 
complex, but it combines a minimum-B 
configuration with two mirror regions 
at right angles. These are located in 
the two areas where the turns in the 
coil come close together. The ratio of 
the field strength in the mirror regions 
to that in the center of the magnetic 
field is quite high, and this tends to 
minimize the escape of charged parti- 
cles through the mirrors. Moreover, 
there is no region where the magnetic 


* A cusp is defined as a pointed end, such as where two curves meet at a sharp angle. 
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field approaches zero, as it does in a 
simple cusp system. 

14.164, The field configuration pro- 
duced by the ‘‘baseball coil" is partic- 


Fig. 14.22. The “baseball coil” for gen- 
^ erating a minimum-B system. 


ularly adapted to the type of injection 
using beams of neutral energetic par- 
tieles whieh are subsequently ionized 
by the Lorentz forces (§ 14.155). This 
method of injection has been studied 
intensively at the Lawrence Radiation 
Laboratory at Livermore, California, 
and consequently that laboratory has 
a special interest in the ‘baseball 
field.” The first coil of this type, with 
a diameter of 1 meter, was completed 
at Livermore in 1966, and there were 
indieations that a plasma could be 
confined, as expected. Because of the 
large amounts of heat generated by 
the current passing through ihe coil, 
however, operation was possible for 
very short pulses only. In order to 
overcome this drawback, it is proposed 
io use à superconducting material to 
generate the magnetie field (8 7.109). 
A small model with a coil diameter of 
25 em (10 inches) has been constructed, 

and a much larger version is planned, 


"THE Astron System 


14.165. A completely different type 
of magnetic geometry with the charac- 
teristics of a magnetic-well system, 

* From the Greek astron, meaning star. * 
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called the Astron,* was proposed by 
N. Christofilos (§ 9.88 footnote) in the 
United States in 1958. It includes a 
method for heating the plasma as well 
as, hopefully, for stable confinement 
and is being developed at the Lawrence 
Radiation Laboratory, Livermore. The 
concept is highly unusual in the respect 
that it is designed to generate a closed 
(toroidal) magnetic field, i.e., with no 
mirror regions, for confining plasma 
in an open-ended tube. An axial mag- 
netic field is produced in a long cylin- 
drical chamber by passing an electric 
current through a coil around the out- 
side in a conventional manner. A beam 
of high-energy (50 MeV) electrons 
would then be injected at one end. 

14,166. As a result of the action of 
the axial magnetic field, the electrons 
should form a circulating layer of cur- 
rent about the central axis. The current 
in this layer, known as the E- (for 
electron) layer, will produce its own 
magnetie field which should interact 
with the axial field. to yield a pattern 
of closed magnetic lines as indicated 
in Fig. 14.23. An examination of the 
closed lines, seen in section in the fig- 
ure, shows that they actually form a 
somewhat distorted torus, like a nap- 
kin ring. Moreover, it appears that 
the magnetic field increases from the 
interior outward in most, if not all, 
directions. Hence, a plasma confined 
within the toroidal field should not suf- 
fer significant interchange instability. 

14.167. As soon as the magnetic pat- 
tern in Fig. 14.23 is established, it is 
proposed that deuterium (or 4 mixture 
with tritium) gas be allowed to enter 
the chamber. As they travel through 
the E-layer region, the atoms will be- 


come ionized to form a plasma of low 


energy, which is trapped by the mag- 
netic field. Subsequently, it is expected 
that the energy (and temperature) of 
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IRCULATING E-LAYER 


CLOSED (toroidal) FIELD L!NES 


Fig. 14.28. The E-layer and magnetic field in the Astron concept. 


the plasma will be increased by inter- 
action of the plasma with the 50-MeV 
electrons in the E-layer. In this way, 
thermonuclear temperatures should be 
attained. 


MaaNErIC-WELL CONFIGURATION 
IN A Torus 


14.168. The magnetic-well geome- 
tries described above all involve open- 
ended tubes. It is true that in the 
Astron the plasma should be confined 
completely, but in the other systems, 
which have magnetic mirrors, some of 
the charged particles will inevitably 
escape. A closed arrangement, such as 
a torus, would therefore be of special 
interest. Although it is a relatively 
simple matter to produce a magnetic- 
well configuration in a straight tube, it 
does not appear possible to realize it 
completely in a torus. There is always 
some region where the magnetic field 
decreases in the outward direction 
from the plasma. The objective is 
then to achieve a minimum-B geom- 
etry over most of the confining field, 
thereby slowing down the development 
of the interchange instability, 

14,169. One way in which an aver- 
age minimum-B field can be attained 
in a closed system is to induce current 
from outside in a number of metallic 
Tings suspended within the torus. A 
section through such an arrangement 


with four conducting rings, and the 
magnetic field produced by the passage 
of current through them, is represented 
in Fig. 14.24. In the regions where the 


Fig. 14.24. Magnetic-well system in a 
toroidal tube. 


field lines are dotted the magnetic field 
decreases outward, but in all other 
regions the field increases in the out- 
ward direction. It is seen that, on the 
average, a charged particle would 
spend more time in those regions 
where the plasma is stable against 
interchange. The relative stability of 
plasmas in such a toroidal system has- 
been confirmed by experiments in the 
laboratories of the General Atomic Di- 
vision of the General Dynamics. Cor- 
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poration at San Diego, California, and 
at the University of Wisconsin. 


Fast MAGNETIC COMPRESSION 


14,170. An entirely different approach 
to the confinement and heating of plas- 
mas is by the method of fast magnetic 
compression, also called the theta pinch, ad 
which wasoriginated at the Los Alamos 
Scientific Laboratory in 1957. The theta 
pinch differs from most other systems 
in the respect that it operates only in 
pulses of short duration. In essence, 
the apparatus consists of an open- 
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14.171. If the deuterium gas in the 
tube is not preionized, then the first 


| half-cycle of the oscillating magnetic 


field produces an ionized sheath (or 
hollow cylinder) of plasma which is rap- 
idly compressed and partially heated. 
During this compression some of the 
magnetic field lines are trapped by the 
plasma. In the second half-cycle, the 
direction of the magnetic field is re- 
versed, and the mutual annihilation of 
the oppositely directed fields releases a 
large amount of energy that heats the 
deuterium plasma. In this manner, ion 


COMPRESSED 
PLASMA 


TO CAPACITORS 


Fig. 14.25. Schematic representation of fast magnetic compression system in a linear tube. 


ended tube, containing deuterium gas 
at low pressure, surrounded by a single- 
turn coil (Fig. 14.25). In the earliest 
experiments, the tube and coil were 
about 4 inches in length, but in later 
studies tubes up to 2 meters (79 inches) 
long and 10 cm (4 inches) wide have 
been used. An oscillating current of 
10 million (or more) amperes is passed 
through the coil for a very short time 
by the discharge of a large bank of 
capacitors. The strong current flowing 
around the coil generates a powerful 
(oscillating) axial magnetic field, in the 
usual manner (cf. Fig. 14.12). 


temperatures of 1.3 keV, the highest 
attained by any means at that time, 
were achieved in 1959 at Los Alamos. 
Furthermore, the first definite evidence 
was obtained for the thermonuclear 
production of neutrons by the D-D 
reaction. For various reasons the con- 
finement time of the hot plasma was 
less than 2 microseconds. 

14.172. In 1962, it was found at the 
General Electric Company Laborato- 
ries, Schenectady, New York, that im- 
proved operation of a theta-pinch 
system was possible by ionizing the 
deuterium before applying the fast 


_* The name theta pinch is used because the current flows around the plasma in'the azimuthal 
direction, which is conventionally represented by the symbol 6 (Greek, theta). 
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magnetic compression. The initial 
pressure of the deuterium gas is ap- 
proximately 10-5 atmosphere, which 
is lower than that used in the work 
described above by a factor of about 
ten. The ionization may be produced 
by a direct discharge through the gas 
or by passage of a moderate, rap- 
idly increasing preionization current 
around the single-turn coil. Applica- 
tion of the main current then results 
in such an increase in temperature of 
the plasma that thermonuclear neu- 
trons are produced in the first half- 
cycle of the magnetic field. The heating 
apparently occurs in two stages: first, 
the rapidly increasing magnetic field 
causes a shock wave to run through 
the plasma, when heating results 
mainly from collisions between the 
particles; this is followed by more 
gradual compression heating. 

4.173. By fast magnetic compres- 
sion of low-density, preionized deu- 
terium, the scientists at Los Alamos 
have obtained plasmas with tempera- 
tures in excess of 5 keV and densities 
of about 4 X 10% deuterons per cc. 
The confinement time was, however, 
only 3 microseconds. Nevertheless, the 
value of the: product nt is more than 
10" in the units used in § 14.127. 
Although this is less in a ratio of about 
500 than the theoretical minimum for 
the deuterium-tritium system and in 
a ratio of over 10,000 than that for 
the deuterium system, it is by far the 
highest attained. Another important 
aspect of the work leading to the fore- 
going results is that the amount of 
energy radiated as bremsstrahlung is 
not much greater than calculated for 
a pure deuterium plasma. This means 
that, under the particular experimental 
conditions, very little impurity is find- 
ing its way inte the plasma, e.g., from 
the walls of the containing tube. 

14.174. The major factor preventing 
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the longer confinement time, which 
would be necessary to produce a sub- ` 
stantial increase in the nt value, is loss 
of particles from the ends of the com- 
pressed cylinder of plasma. A possible 
way of avoiding end losses would be 
to produce a theta pinch in a closed 
(toroidal) tube, surrounded by a num- 
ber of single-turn coils. A device of 
this kind, called Scyllae, has been de- 
signed at the Los Alamos Scientific 
Laboratory. Current would be passed 
through all the coils simultaneously to 
generate the strong axial compression 
field all around the torus. What insta- 
bilities would arise in such a system 
cannot be predieted, but an encour- 
aging aspect is that interchange insta- 
bilities, at least, develop relatively 
slowly in the theta pinch in open- 
ended tubes. 


CONCLUSION 


14.175. In the effort to achieve con- 
trolled fusion, temperatures in excess 
of 5 keV, i.e., almost 60 million degrees 
Kelvin, have been attained in plasmas 
with particle densities greater than 10% 
deuterons per ec. These are close to the 
conditions required in a thermonuclear 
power reactor operating with a mixture 
of deuterium and tritium as the "fuel," 
But the confinement times of the hot 
and dense plasmas have been no more 
than a few microseconds, compared 
with the milliseconds that are probably 
the minimum necessary for a practical 
fusion system, On the other hand, at 
very much lower plasma densities, e.g., 
about 10% deuterons per ċc, confine- 
ment times of more than a minute have 
been realized; the problem here is to 
build up the density. Between these 
two extremes there are instances of 
plasmas with intermediate densities, 
e.g., 10° to 10? deuterons per ce, and 
confinement times of milliseconds or 
30, where both quantities must be in- 
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creased. Which, if any, of the situations 
will lead to success, only continued re- 
Search can tell. 

14.176. In general, the limitations so 
far have been cooling of the plasma by 
charge exchange and the many insta- 
bilities exhibited by plasmas in mag- 
netic fields. As a result of experimental 
and theoretical studies, a better under- 
standing is being obtained of the 
underlying phenomena. With this un- 
derstanding, there are hopes that 
methods will be found for control- 
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ling the situation, so that a high- 
temperature, high-density plasma may 
be confined for an appreciable time. 
As far as can be seen, .nere are no 
fundamental obstacles standing in the 
way of a successful solution of the 
problems that must be solved before 
a self-sustaining nuclear fusion reactor 
can become a reality. There are many 
difficulties, but if they can be over- 
come economically the result would be 
a scientific and technological achieve- 
ment of the greatest significance. 
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Chapter 15 


GENERAL ASPECTS OF REACTOR DESIGN 


INTRODUCTION 


15.1. The discussion of nuclear reac- 
tors in the preceding chapter has re- 
ferred mainly to the historical develop- 
ment during World War II, when the 
prime objective was the production of 
plutonium for weapons. In recent years, 
the nuclear reactor field has grown 
enormously and the basic interests 
have changed, so that the main em- 
phasis is now on peaceful applications. 
Numerous reactors of different designs, 
intended for a variety of purposes, 
have been constructed (or are under 
construction) in all parts of the world. 
Whereas in 1950 it was possible to con- 
sider all the known reactors in the 
course of a few pages, the task would 
now require a large book. All that can 
be done, within a reasonable space, is 
to describe the main reactor types and 
to illustrate the descriptions by refer- 
ence to a number of specific cases. 

15.2. In spite of numerous possible 
variations in the design and compo- 
nents of nuclear reactor systems, there 
are, nevertheless, a number of general 
features which all reactors possess in 
common, to a greater or lesser extent. 
Tn outline, a reactor consists of an ac- 
tive core in which the fission chain is 
sustained and in which most of the 
energy of fission is released as heat. 
The core contains the fissile material 


(§ 13.51) in a suitable form, i.e., the 
reactor fuel, and also a moderator if it 
is required to slow down the neutrons. 
The relative amounts and nature of the 
fuel and moderator determine the en- 
ergy of the neutrons causing most of 
the fissions. The core is surrounded by 
a reflector of a material which is largely 
dependent on this neutron energy. The 
combination of core and reflector, to- 
gether with other components present, 
e.g., coolant and structure, must be 
capable of maintaining a fission chain. 

15.3. Control, including startup, 
operation at any desired power level, 
and shutdown, is achieved either by 
rods containing a strong neutron ab- 
sorber (§ 14.61) or by moving parts of 
the core or reflector so as to permit 
(or prevent) the escape of neutrons. 
The operation of the reactor at appre- 
ciable power levels depends on the 
ability to remove the heat produced 
by fission as fast as it is liberated. This 
involves the use of a coolant which 
must circulate through the reactor core 
in such a manner as to maintain a tem- 
perature distribution that is as uni- 
form as possible. If the energy gen- 
erated in the reactor is to be converted 
into electrical power, then the heat 
must be transferred to a working fluid 
to produce steam or a hot gas. The 
resulting vapor or gas can then be used 
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to generate power in a conventional 
manner, e.g., by means of a turbine 
(Fig. 15.1). 

15.4. In the design of a nuclear reac- 
tor for a particular purpose, which may 
be research, production of fissile ma- 
terial, or the conversion of nuclear en- 
ergy into useful power, the first deci- 
sion to be made concerns the neutron 
energy region in which most of the 
fissions are to occur. The next step is to 
choose the basic reactor components, 
namely, the fuel material, the moder- 
ator (if any), the reflector and, finally, 
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sions occur. With the exception of the 
atomic bomb, which is not strictly a 
reactor in the sense used here, since the 
fission rate cannot be controlled, all 
the reactors mentioned in Chapter 14 
are thermal reactors in which most 
fissions are (or were) due to the absorp- 
tion of slow neutrons. In order to slow 
down the fast neutrons released in 
fission, a sufficient amount of moder- 
ator must be included in the core of the 
reactor, as already seen (§ 14.29). 
15.6. Thermal reactors have the 
great advantage of flexibility in size, 


HEAT EXCHANGER 
(BOILER) 


Fig. 15.1. Schematic diagram of a nuclear reactor system for generating electric power. 


the coolant for removing the heat gen- 
erated by fission. As an aspect of the 
latter, the particular method of heat 
removal to be used must be selected. 
The various factors which must be 
taken into consideration in making a 
choice among the different possibilities 
will be outlined in the succeeding para- 


graphs. 


THERMAL, Fast, AND INTERMEDIATE 
REACTORS 

15.5. Reactors are classified as “‘ther- 

mal,” “fast,” or "intermediate" ac- 

cording to the neutron energy region in 

which the majority of the nuclear fis- 


which can be attained by varying the 
nature and properties of the fuel (con- 
taining the fissile material) and the 
moderator. For example, a reactor with 
natural uranium as fuel and graphite 
as moderator is roughly 20 feet across, 
at least. At the other extreme, with a 
fuel material highly enriched (about 
90 percent) in uranium-235* and ordi- 
nary water as moderator, a thermal 
reactor may have linear dimensions of 
not more than one or two feet. An im- 
portant drawback to thermal reactors 
is the loss of neutrons due to parasitic 
capture by constructional and other 
materials, as well as by fission prod- 


*In addition to natural uranium metal, with 0.71 percent by weight of uranium-235, 
authorized users can purchase from the U. S. Atomic Energy Commission uranium (as hexa- 
fluoride) containing 0.75 to 93 weight percent of the fissile isotope. This enriched material 
is produced by the gaseous diffusion method of isotope separation (86.78 et seq.). 
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ucts. The choice of such materials is 
therefore largely determined by their 
cross sections for neutron capture 
(§ 11.67). 

15.7. In a fast reactor, the majority 
of fissions occur by interaction of the 
fissile material with neutrons of high 
energy, i.e., neutrons which have suf- 
fered relatively little slowing down 
from the initial fission neutron energy. 
The use of a moderator or of any ma- 
terial of low mass number, which might 
slow down the neutrons, must conse- 
quently be avoided, as far as possible. 
The choice of structural materials for 
a fast reactor is less restricted than for 
thermal reactors, because parasitic 
capture of neutrons is a relatively mi- 
nor problem (§ 15.128). On the other 
hand, there is some limitation in the 
possible fuel materials, By proper 
choice of moderator, a thermal reactor 
can function on any fuel material, 
ranging from normal to highly enriched 
uranium. But a fast reactor requires 
an enriched fuel containing about 20 
to 25 per cent, at least, of fissile ma- 
terial, e.g., uranium-233, uranium-235, 
or plutonium-239. 

15.8. A disadvantage of a fast reac- 
tor is the larger mass.of fissile material 
necessary to attain criticality. Because 
there is no moderator, the critical size 
may be quite small, e.g., a foot or less 
across, and then heat removal is diffi- 
cult when the operating power is high. 
Fast reactors with large cores have 
been designed, however, although with 
some sacrifice in other respects. The 
outstanding ‘aspect of certain fast re- 
actors, as will be seen below, is their 
ability to “breed” fissile material, plu- 
tonium-239, in particular. It is mainly 
for this reason that such reactors are 
attracting interest. 

15.9. It might appear, upon first con- 
sideration, that a fast reactor would 
be difficult to control, since it is like 
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an atomic bomb in the respect that 
fissions are mainly due to fast neutrons. 
This is, however, not the case. As long 
as the effective multiplication factor is 
kept below the prompt critical value 
for the existing conditions (§ 14.63), a 
fast reactor is just as controllable as a 
thermal reactor. In a fission bomb, the 
design is such as to make the multipli- 
cation factor as large as possible, so 
that the neutron density and heat gen- 
eration increase at a tremendous rate. 

15.10. An intermediate reactor is one 
in which fissions are caused mainly by 
neutrons slowed down into. a broad 
energy range between fast and thermal 
energies, preferably above the reso- 
nance region (§ 14.38). Some modera- 
tion is necessary, but not as much as 
in a thermal reactor. In a sense, an 
intermediate reactor represents a com- 
promise between thermal and fast re- 
actors. Parasitic capture of neutrons 
can be less important than in a thermal 
reactor and the fuel inventory is smaller 
than in a fast reactor, although the 
total size of the core is greater, An 
intermediate reactor also offers the 
possibility of breeding plutonium-239, 
but not as efficiently as a fast, reactor. 
Only one intermediate reactor has been 
constructed (§ 15.124) and further in- 
terest in systems of this type appears 
to be small. 


Reactor Fury MATERIALS 


15.11. The material containing the 
fissile isotope is called the reactor (or 
nuclear) fuel (§ 15.6). Its composition 
may range from natural uranium to 
material highly enriched in uranium- 
235, plutonium-239, or uranium-233. 
The basic source materials for nuclear 
fuels are the elements uranium and 
thorium. Only the uranium-235, pres- 
ent to the extent of about 0.71 perdent 
by weight in ordinary uranium, is fis- 
sile; hence, this is the only natural 
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material that can be used to produce 
nuclear energy directly. There are 
prospects, however, that the 99.3 per- 
cent of uranium-238 and the thorium- 
232, which constitutes nearly 100 per- 
cent of natural thorium, can be con- 
verted, partly at least, into fissile 
material. 

15.12. The transformation of ura- 
nium-238 into plutonium-239 by the 
capture of neutrons followed by two 
Stages of beta decay has already been 
described (88 11.49, 14.25). Thorium- 
232 may be converted into fissile ura- 
nium-233 in an exactly similar manner, 
by means of neutrons available in a 
reactor. By the (n,y) capture of a slow 
neutron, the thorium-232 is converted 
into thorium-233, which is a negative 
beta-emitter with a half-life of 23.5 
min, the product being protactinium- 
233; this is also beta active with a 
half-life of 27.4 days. The reaction and 
disintegration scheme is thus, 
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nium-239, since they can suffer fission 
as a result of capture of neutrons of all 
energies, Since both uranium-238 and 
thorium-232 can be converted into fis- 
sile species, however, they are referred 
to as fertile materials. The extent to 
which such conversion is possible will 
be considered later (§ 15.44). 

15.14. The form in which a fuel is 
used in a reactor depends upon various 
circumstances. In most reactors solid 
fuel elements are used; they may con- 
sist of uranium metal or an alloy, or 
the uranium may be present as the 


` dioxide (UO) or carbide (UC or UC). 


The fuel material is usually clad with 
(or contained in) a metal jacket to 
protect it from chemical reaction with 
air, water, or other material used as 
coolant. The cladding also serves the 
purpose of preventing the escape of 
fission products. Some reactors have 
been designed which make use of fluid 


fuels, e.g., a uranium salt dissolved in 


p- B7 
22Th + n — Th eer "Pa "uad "RU, 


the uranium-233 being a long-lived 
alpha emitter of 1.63 X 105 years half- 
life. Hence, upon exposure to neutrons, 
thorium-232 would, after the lapse of 
some days to permit decay of the pro- 
tactinium, be converted into uranium- 
233. This nuclide is fissionable by slow 
neutrons and is consequently a possible 
fuel material for sustaining & chain 
reaction. * 

15.13. Although both uranium-238 
and thorium-232 will undergo fission 
by fast neutrons with energy greater 
than 1 MeV, it is not possible to sus- 
tain a chain reaction in these isotopes, 
for the reasons given in § 14.26. The 
only substances that can be used for 
this purpose are the fissile materials 


uranium-233, uranium-235, and pluto- | 


water or in the form of a melt with 


other salts, or a molten alloy. 

15.15. Two main types of solid fuel 
elements have been used in reactor 
design, namely, the cylindrical (or rod) 
type and the plate type. In several 
of the early reactors, such as the nat- 
ural uranium-graphite reactors at Oak 
Ridge and elsewhere, cylindrical fuel 
elements, about an inch in diameter, 
were used. The dimensions were deter- 
mined by the conditions required to 
optimize the infinite médium multi- 
plication factor. Because of their rela- 
tively small area for the removal of the 
heat liberated in fission, these fuel ele- 
ments are not suitable for reactors 
operating at fairly high power levels. 

15.16. A great improvement in this 


* The discovery of uranium-233 is described in § 16.87. 
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respect has been achieved by using 
rods of small diameter ("pins") or by 
going over to a plate-type of fuel ele- 
ment. These generally require enriched 
uranium as the fuel material, since 
there is some sacrifice in the multipli- 
cation factor, as will be seen below; 
thiscan be compensated for by a larger 
proportion of uranium-235. The plate 
type of fuel element may consist of a 
number of long, flat (or curved) **sand- 
wich'" plates held in a box-like frame. 
The center of the sandwich contains a 
relatively low proportion of enriched 
uranium, either as metal or dioxide, 
dispersed in a matrix of aluminum, 
zirconium, or stainless steel. The outer 
cladding layers of the sandwich are of 
the same material as the matrix in the 
center layer. 

15.17. Although thin rods or plate- 
type fuel elements provide a relatively 
large area for heat removal, there is a 
corresponding increase in the amount 
of cladding material. This results in an 
increase in the loss of neutrons by 


parasitic capture. In addition to being : 


resistant to corrosion and able to with- 
stand the high temperatures that may 
be experienced in a reactor without loss 
of strength, the cladding material, par- 
ticularly in a thermal reactor, must 
also have a small cross section for neu- 
tron capture. Only a few materials, 
available at reasonable cost, satisfy 
these requirements in most cases. They 
are aluminum, magnesium, zirconium 
(or their alloys), and stainless steel. 
Zirconium in the form of a corrosion- 
resistant alloy (Zirealoy) appears to be 
best for thermal reactors using ordi- 
nary or heavy water as moderator or 


‘coolant. But it is expensive and so 


stainless steel, which is cheaper, is an 
alternative although it is more wasteful 
of neutrons. In fast reactors, stainless 
steel is a suitable cladding and con- 
taining material, since parasitic neu- 
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tron capture is then unimportant. An 
alloy of magnesium, called Magnox, 
has been used extensively as cladding 
in the large thermal reactors in the 
United Kingdom that are cooled by 
carbon dioxide gas. 

15.18. Apart from purely mechan- 
ical failures, the life (or “burnup”’) of a 
fuel element in a nuclear reactor is 
limited by a number of factors. Be- 
cause of the high cost of recovering the 
fissile and fertile materials that still 
remain (§ 15.193), a significant objec- 
tive of reactor design is to increase 
the length of time in which fuel ele- 
ments will operate satisfactorily. One 
of the limiting factors is that referred 
to by the general name of radiation 
damage. It was predicted by E. P. 
Wigner in 1942, while working on the 
wartime atomic energy project, that 
when solid materials are subjected to 
the action of high-energy particles, 
such as neutrons, the atoms would be- 
come displaced from their normal posi- 
tions in the crystal lattice. As a result 
of this disruption of the internal struc- 
ture, the properties of the material 
might be expected to change. Various 
changes due to radiation have, in fact, 
been observed. The effects of radiation 
damage are most marked in fuel ele- 
ments due to the action of the fission 
fragments, which have large energies 
($13.28), as well as to neutrons and 
gamma rays. 

15.19. From the standpoint of re- 
actor operation, the detrimental effects 
of radiation on fuel elements are di- 
mensional changes and, sometimes, loss 
of mechanical strength. In many reac- 
tors, especially those intended for oper- 
ation at high power levels, the dimen- 
sions of the fuel elements and their 
spacing must be kept within very close 
tolerances. In these circumstances, a 
relatively small dimensional disturb- 
ance may make it necessary to shut the 
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reactor down and replace the damaged 
fuel element. Efforts are being made 
continuously to improve the radiation 
resistance of fuel elements and thus to 
increase the permissible degree of 
burnup. 

15.20. In addition to the limitation 
set by radiation damage, there is an- 
other factor which restricts the life of 
fuel elements, This is the decrease in 
the amount of fissile material as the 
reactor operates and the simultaneous 
increase in the parasitic neutron cap- 
ture by fission products. The latter 
aspect is referred to as fission product 
poisoning. For reasons of safety and 
economy, the amount of fissile material 
in a reactor must not greatly exceed 
that required for criticality. As the 
extra quantity is used up, in the course 
of reactor operation, the effective mul- 
tiplication factor (§ 14.36) of the sys- 
tem steadily decreases until a point 
may be reached when satisfactory oper- 
ation is no longer possible. This limita- 
tion in the operating life (or burnup) 
may be partially overcome in some 
reactors by including fertile material 
in the fuel element. As a result of neu- 
tron capture, this is converted into fis- 
sile material to replace, to some extent, 
that which has been consumed. Even 
if this replacement were complete, 
however, the accumulation of fission 
products would sooner or later make it 
hecessary to shut down the reactor for 
recharging with fresh fuel. 

15.21. A possible way of overcoming 
the problems arising from radiation 
damage and fission product poisoning 
in solid fuel elements is to use fuel in 
fluid form, e.g., in solution either in 
water, in a molten metal, or in a molten 
salt mixture. A fluid fuel does not suf- 
fer radiation damage, except: for the 
decomposition of the water in an aque- 
ous solution and this can be readily 
replaced. The effects of depletion in 
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fissile material and accumulation of 
fission products can be overcome by 
withdrawing some of the fluid fuel, 
without shutting the reactor down. 
This is treated so as to remove the 
fission products having the largest neu- 
tron capture cross sections; new fissile 
material can then be added and the 
fluid returned to the reactor. Another 
advantage of fluid fuel is that it does 
not have to be fabricated into fuel 
elements, including cladding, with 
strict dimensional specifications. On 
the other hand, most fluid fuels studied 
so far have been found to be very cor- 
rosive at reactor operating tempera- 
tures, so that containment presents 9 
serious problem. 


Reactor MODERATORS AND 
REFLECTORS 


15.22. For thermal reactors, the 
moderator and reflector have essen- 
tially the same characteristics and so 
they will be considered together. The 
basic requirements of a moderator are 
that it should consist of elements of 
low mass number (or atomic weight) 
and that it should not capture neu- 
trons to any appreciable extent. The 
only practical materials for use as mod- 
erators (and reflectors) are, conse- 
quently, ordinary water, heavy water, 
beryllium and its oxide, graphite (car- 
bon) and, possibly, certain organic 
compounds. 

15.23. Ordinary water is attractive 
as & moderator because of its low cost, 
even allowing for the high degree of 
purity desirable for reactor use, and 
also for its ability to slow down neu- 
trons. Neutron capture by hydrogen is 
so appreciable, however, that enriched 
uranium, with at least 1 percent of 
uranium-235, must be used as the fuel 
material. Because of the partieular 
neutronie properties of the hydrogen 
in water, e.g., large scattering cross 
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section, it is possible to design water- 
moderated reactors of relatively small 
size. The fact that water can be used 
as both moderator and coolant, as well 
as reflector, is an advantage. The chief 
drawback to the employment of water 
as moderator-coolant is encountered in 
reactors designed for power production. 
Such reactors must operate at high 
temperatures (§ 15.79), and since water 
boils at 100°C at atmospheric pressure, 
high pressures, e.g., 2000 pounds per 
square inch (and more), are required. 
Expensive pressure vessels and piping 
are consequently necessary. 

15.24. Regarded purely as a neutron 
moderator, heavy water is the best 
material available. It has excellent 
slowing down properties and the cross 
section for neutron capture is very 
small (see table in § 11.40). It does not 
require enriched uranium as fuel to 
attain criticality, although the use of 
such fuel material makes the design 
more flexible. Like ordinary water, 
heavy water can be used as a coolant, 
but it suffers from the same drawhack, 
namely, low boiling point and conse- 
quent need for pressurization. The cost 
of heavy water is high, even though it 
has been considerably reduced in re- 
cent years (§ 14.117). Nevertheless, in 
some reactor designs, the advantages 
of heavy water as a moderator (or 
moderator-coolant) outweigh its high 
cost, 

15.25. Both beryllium and its oxide 
are good moderators. The oxide can 
withstand very high temperawures, al- 
though its strength decreases. In spite 
of many technical advances, beryllium 
isstill an expensive metal. Until recent 
years, the products available were very 
brittle, difficult to fabricate, and sus- 
ceptible to attack by both air and 
water at high temperatures. With new 
developments in powder metallurgy, 
beryllium metal has been produced 
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having improved properties with re- 
gard to ease of fabrication, mechanical 
strength, and corrosion resistance. 
Nevertheless, the material is still some- 
what brittle, as compared with other 
metals, and is attacked by air and 
water at high temperatures and pres- 
sures. Further, metallie beryllium is 
much more expensive than other mod- 
erators (or reflectors) and so it has been 
used in special cases only. There is 
some interest in beryllium oxide for 
reactors operating at high temperature 


because of its refractory character. 


15.26. Carbon, in the form of graph- 
ite, has been employed as moderator 
or reflector, in à number of reactors. 
Although it is not quite as good as 
beryllium for these purposes, “reactor 
grade" graphite, of high purity, can be 
made at a relatively low cost. It can 
be machined easily into desired shapes 
and has sufficient strength to be used, 
to some extent, as & structural ma- 
terial. Unlike other such materials, the 
mechanical strength of graphite in- 
creases with increasing temperature up 
to about 2500°C; hence, it is of spe- 
cial interest as the moderator in re- 
actors operating at high temperatures 
(§ 15.108). The chief drawbacks of 
graphite are the relative ease with 
which it breaks when struck, and the 
possibility of interaction with oxygen 
(in air) and carbon dioxide at high tem- 
peratures. It was thought at one time 
that, in a reactor, radiation damage to 
graphite might be serious, but this now 
appears to be unimportant, provided 
the temperature is above about 250°C. 

15.27. The moderating properties of 
certain organic compounds of carbon 
and hydrogen (hydrocarbons) should. 
be almost as good as that of water 
since, like water, they contain a large 
proportion of hydrogen. Consideration 
has been given to the use of hydro- 
carbons of high boiling point as mod- 
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erator (and coolant) for thermal reac- 
tors. Such materials are relatively inex- 
pensive and could be used in a reactor 
operating at fairly high temperatures 
without the need for pressurization, as 
is necessary with water. On the other 
hand, most organic compounds suffer 
extensive decomposition when exposed 
to nuclear radiations. Certain hydro- 
carbon compounds of high boiling 
point, known as polyphenyls (or their 
derivatives), are fairly stable to radia- 
tion, however, and they have been 
tested as moderator-coolants. There is 
some decomposition by radiation but 
this is not too serious. The impurities 
formed are removed continuously by 
distillation. 

15.28. The materials mentioned 
above are not suitable for use as the 
reflector for a fast reactor, because the 
neutrons returned to the core would be 
slowed down. To avoid this situation, 
the reflector must obviously be a ma- 
terial of fairly high mass number. Tron 
(or steel) is a possibility in this connec- 
tion, although, for reasons which will 
be apparent shortly, fast reactors em- 
ploy normal uranium as reflector, at 
least in the region immediately sur- 
rounding the core. 


REACTOR COOLANTS 


15.29. Just as no ideal moderator 
exists, so there is no ideal or perfect 
coolant for removing the heat produced 
in a reactor. The materials proposed 
for coolants may be divided into four 
general categories, namely, ordinary 
and heavy water, liquid metals, or- 
ganic liquids (hydrocarbons), and 
gases. Each type has its advantages 
and disadvantages, as will soon be evi- 
dent. The actual choice thus represents 
: what appears to be the best compro- 
mise in the circumstances. 

15.30. Both ordinary and heavy 
water are good coolants for thermal 
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reactors, in so far as their heat removal 
properties are concerned. They have, 
in addition, the advantage of serving 
as moderators, as well as coolants, But, 
as indieated above, for reactors oper- 
ating at high temperatures, high pres- 
sures are required to prevent boiling. 
Further, water is very corrosive at high 
temperatures, so that special materials, 
such as zirconium alloys or stainless 
steel, are necessary for fuel-element 
cladding. 

15.31. For use at temperatures 
higher than those that are practical 
with water, liquid metals have been 
proposed as coolants. Probably the 
best of these is sodium; it is an excel- 
lent material for removing heat and 
does not require pressurization even at 
very high temperatures. It attacks zir- 
conium alloys and stainless steel to a 
small extent, but the rate of corrosion 
is regarded as acceptable, On the other 
hand, sodium is very reactive with 
oxygen (in air) and water, and the 
liquid sets to a solid well above ordi- 
nary temperatures. Moreover, when 
passed through a reactor, sodium be- 
comes radioactive, due to the capture 
of neutrons and the formation of so- 
dium-24, half-life 15 hours, which de- 
cays with the emission of beta particles 
and gamma rays. Since this radiation 
is a potential hazard to operating per- 
sonnel, special shielding of the sodium 
system outside the reactor is necessary. 
For heat removal in fast reactors, so- 
dium is the coolant generally recom- 
mended. 

15.32. As a compromise between 
water, which requires the use of high 
pressures, and liquid sodium, which is 
chemically active and hazardous, at- 
tention is being given to certain organic 
compounds, e.g., polyphenyls, men- 
tioned above. They do not require 
pressurization, do not become appre- 
ciable radioactive due to neutron cap- 
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ture, are not corrosive, and are fairly 
stable to the action of heat and radia- 
tion. The heat removal properties of 
these hydrocarbons, however, are defi- 
nitely inferior to those of water or 
liquid sodium. 

15.33. Cooling by means of a gas, 
namely air, was used in several of the 
earliest. reactors. It could be forced 
through the reactor with fans and 


vented to the atmosphere, without the 


necessity for using a closed coolant cir- 
cuit. This procedure, although rela- 
tively costly, was simple and particu- 
larly suited to large natural uranium- 
graphite reactors used for research, and 
operating at relatively low powers. For 
high power levels, and the accompany- 
ing high temperatures, air is not satis- 
factory as a coolant because it reacts 
chemically with so many materials, 
e.g., graphite, aluminum, beryllium, 
zirconium, magnesium, etc. The only 
large reactors known to have used air 
as the coolant were those designed for 
plutonium production at Windscale, in 
‘England; they are, however, no longer 
in operation. 

15.34. The most widely used gaseous 
coolant is carbon dioxide; it is em- 
ployed in the large power (and plu- 
tonium production) reactors in the 
United Kingdom and in France. Car- 
bon dioxide is relatively inexpensive, it 
does not attack metals at reasonable 
temperatures, and its constituent at- 
oms, carbon and oxygen, have small 
cross sections for neutron capture. 
Since carbon dioxide is used as the 
coolant in graphite-moderated reac- 
tors, the chemical reaction with graph- 
ite is a problem. At temperatures below 
about 500°C the corrosion rate is insig- 
nificant, and it can be made tolerable 
even up to 600°C by the addition of 
some carbon monoxide or methane to 
the coolant gas. 

15.35. For operation at tempera- 


Sourcebook on Atomic Energy 


Chap. 16 


tures above 600°C, the best gaseous 
coolant, from the theoretical stand- 
point, would be hydrogen. But this gas 
would represent a hazard, since it 
forms an explosive mixture with air. 
In addition, it causes many metals to 
become brittle. The next choice is 
helium, which is a stable, nonreactive 
gas having a negligibly small capture 
cross section for neutrons. A few ex- 
perimental power reactors have been 
constructed that utilize helium gas as 
the coolant. Because of the high cost 
of helium, precautions are taken to 
minimize losses. It is of interest to 
mention that when the first Hanford 
Works plutonium reactors (§ 14.76) 
were designed, helium was the pre- 
ferred coolant; it was not used, how- 
ever, mainly owing to the difficulties 
anticipated in preventing leakage of 
the gas under high pressure. To be 
effective in removing heat and to de- 
crease the cost of pumping, a gaseous 
coolant must be circulated under a 
pressure of many atmospheres. 


Mersops or HEAT REMOVAL 


15.36. One of the possible variables 
in reactor design is the method of heat 
removal. Suppose that, as would be 
the case for a reactor intended for 
power production, use is made of the 
heat generated to operate a turbine. 
Three general procedures may then be 
utilized to convert the heat into the 
vapor (steam) or gas at high tempera- 
ture required for this purpose. In the 
first method,:which is the one most 
commonly employed, the coolant, c.g., 
water, liquid sodium, an organic liquid, 
or a gas, is pumped through the reac- 
tor core so that it takes up heat from 
the fuel elements. The coolant then 
passes through an external heat ex- 
changer, where the heat is transferred 
to water for the production of steam, 
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and returns to the reactor in a closed 
cycle (see Fig. 15.1). 

15.37. When ordinary water (or pos- 
sibly heavy water) is the moderator 
and coolant, a second method of heat 
removal can be used. The water is al- 
lowed to boil in the reactor core, thus 
producing steam directly; in these 
circumstances, no external heat ex- 
changer is required. The condensed 
water from the turbine is returned to 
the reactor to keep the volume of liquid 
constant. A kind of combination of a 
circulating gaseous coolant and a boil- 
ing liquid system that is under con- 
sideration makes use of a gas under 
high pressure. The gas is heated to a 
high temperature in the reactor core 
and then proceeds directly to operate 
a gas turbine. After leaving the tur- 
bine, the gas is recompressed and re- 
turned to the reactor core in a closed 
cycle. 

15.38. A third procedure for heat 
removal is applieable to the special 
cases in which the reactor fuel is in 
fluid form. The fuel-bearing liquid, in 
which heat is generated by fission, is 
pumped continuously through an ex- 
ternal heat exchanger and then back to 
the reactor core. Steam is produced in 
the heat exchanger in the usual manner. 


CONTROL MATERIALS 


15.39. Control in thermal reactors 
is invariably achieved by means of a 
neutron-absorbing material (§ 14.59 et 
seq.). An important requirement is 
that the absorber should not become 
radioactive as a result of neutron cap- 
ture, since the radiations might pre- 
Sent a hazard when maintenance and 
repair work has to be done. Cadmium 
was used extensively for control pur- 
poses in early reactors, because of its 
availability and ease of fabrication, but 
it has the drawback of a relatively low 
melting point. Consequently, cadmium 
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can be utilized only in reactors operat- 
ing at low temperatures. Furthermore, 
its neutron capture cross section is not 
large in the energy region above about 
5 eV (cf. Fig. 11.7), where the neutron 
density is high in water-moderated re- 
actors. For such reactors, an alloy of 
silver with 5 percent of eadmium and 
15 percent of indium has been em- 
ployed; it has a higher melting point 
than cadmium and the cross sections 
for neutron capture are large over a 
wider energy range. If it were not for 
the high cost, the element hafnium’ 
would be the preferred control material 
for water-moderated reactors, and it 
has been used in some instances. 

15.40. Probably the most common 
neutron absorber employed for reactor 
control is boron in one form or another; 
this element has large cross sections 
for neutron absorption over a range of 
energies and also has a very high melt- 
ing point. Boron is not used alone, but 
is often incorporated in a metal, e.g., 
in stainless steel to form boron steel. 
The carbide (B,C) is frequently dis- 
persed in a metal; in aluminum, for 
example, the product is called Boral. 
In such mixtures or dispersions, the 
material has many of the properties, 
e.g., corrosion resistance, of the matrix 
metal. 

15.41. The control elements of a re- 
actor, generally referred to as the con- 
trol rods, may be in the form of either 
rods or plates. They are commonly 
located in the core, but in some reac- 
tors it is more convenient to have the 
control elements in the reflector close 
to the core. The control rods of neu- 
tron-absorbing material in a thermal, 
reactor are moved in to decrease the 
neutron flux (and fission rate) and out 
to increase it. Because of the absorp- 
tion of neutrons in its vicinity, the 
insertion of a rod causes a distortion 
of the flux. In a large reactor, such as 


572, 


is used for power production, for exam- 
ple, this distortion, with the accom- 
panying distortion in fission rate and 
heat generation, is undesirable. The 
problem is solved by using a large num- 
ber of control rods, which are disposed 
throughout the reactor core; the rods 
are then moved in such a manner as to 
keep the neutron flux distribution as 
uniform as possible. 

15.42. Neutron-absorbing materials 
are of less value for the control of fast 
reactors because the cross sections are 
invariably small. Consequently, apart 
from a few exceptions (§ 15.134), con- 
trol is achieved by adjusting the escape 
of neutrous; this is done by moving 
either part of the reflector or blanket 
(§ 15.52) or some of the fuel ele- 
ments, By permitting a fuel element 
or a section of the reflector to drop 
out, fast neutrons can escape and there 
is consequently a decrease in the fission 
rate. Reversal of the direction of mo- 
tion results in a corresponding increase 
in the fission rate. 


Reactor SHIELDING 


15.43. Although it plays no role in 
the operation of a reactor, the shield 
(Fig. 15.1) is nevertheless an important 
component of a reactor installation. 
Its purpose is to attenuate the gamma 
rays and neutrons coming from the 
reactor to such an extent that they 
represent no hazard to persons in the 
immediate vicinity (§ 18.63). In reac- 
tors operating at high powers, there are 
usually two shields: the thermal shield 
and the biological shield. The thermal 
shield is fairly close to the core and 
consists of a few inches of iron or steel 
(ef. Fig. 15.4); by absorbing much of 
the gamma radiation, the thermal 
shield protects the biological shield 
from possible damage due to overheat- 
ing. The thermal shield is in such a 
location that it can readily be cooled. 
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The biological shield is generally a layer 
of concrete, several feet thick, which 
surrounds the reactor core and re- 
flector; it is capable of absorbing both 
gamma rays and neutrons. In most 
cases, the shield is all that can be seen 
of an operating reactor, and so pictures 
of reactors often show what appears to 
be a block of concrete (cf. Fig. 15.3). 
As a precaution against the possible 
spread of radioactive materials, in the 
unlikely event that the reactor core is 
badly damaged, the whole system, in- 
cluding the shield and heat exchanger, 
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is often enclosed in a steel containment | 


vessel ($ 18.66). 


REGENERATION AND BREEDING 
or FISSILE MATERIAL 


15.44. One of the remarkable as- 
pects of nuclear reactors is that they 
can be designed so as to produce their 
own fuel, by conversion of fertile into 
fissile material. Such reactors are called 
regenerative reactors or converters. AS 
seen in Chapter 14, plutonium-pro- 
duction reactors fall in this category. 
In these reactors, uranium-235 serves 
to maintain the fission chain, but some 
of the neutrons are captured by the 
fertile uranium-238 with the ultimate 
formation of plutonium-239. It follows, 
therefore, that the uranium-235 con- 
sumed by fission (and in other ways) 
is replaced, to some extent at least, 
by another fissilé species, plutonium- 
239. At the same time energy is re- 
leased in tlie fission of the uranium-235. 
In some plutonium-production reac- 
tors, this heat is wasted, but, in prin- 
ciple, a regenerative reactor can pro- 
duce useful energy while converting 
fertile material into new fissile material 
to replace that consumed. Although 
the fertile species has been assumed in 
the foregoing to be uranium-238, the 
general argument applies equally to 
thorium-232 (§ 15.12). 
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15.45. Because uranium-235 is the 
only fissile material in nature, it is 
inevitable that, in the early stages of 
reactor development, such as those 
existing at present, this must be used 
to maintain the fission chain in nuclear 
reactors. There is no known method 
for regenerating uranium-235, and so 
it appears that this material will even- 
tually be consumed completely. At this 
stage, it may be assumed that a roughly 
equivalent amount of plutonium-239 
(or uranium-233) has been produced 
by conversion of fertile material. Since 
natural uranium contains about 140 
times as much uranium-238 as it does 
uranium-235, it is evident that consid- 
erable quantities of the former, as well 
as of thorium-232, will still remain. The 
long-range future of the nuclear energy 
industry must therefore depend on the 
efficiency of converter reactors in 
which plutonium-239 (or uranium-233) 
is consumed and is, at the same time, 
regenerated from uranium-238 (or tho- 
rium-232). Three general cases will be 
considered. 

15.46. First, suppose that for every 
fissile nucleus consumed less than one 
neutron is available for capture by 
the fertile material. The quantity of 
fissile material regenerated will then 
be less than that of the same species 
consumed. In this event, the stockpile 
of fissile material will steadily decrease, 
and in due course the operation of re- 
actors will not be possible, although 
large quantities of fertile materials may 
be available. If this were the situation, 
there would be no long-range future 
for fission energy as a source of power. 

15.47. The second possibility is that 
exactly one fissile nucleus is regener- 
ated for every one consumed in the 
reactor. The stockpile of fissile material 
will then remain constant. The maxi- 
mum rate of energy production will be 
determined by the available fissile 
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material and no increase will be possi- 
ble. It is true that, in due course, essen- 
tially all the available fertile material 
would be converted into fissile species, 
but there could be no expansion of the 
nuclear power industry. 

15.48. Suppose, however, that it 
were possible to design a reactor in 
which more fissile material, e.g., pluto- 
nium-239, was formed, by conversion 
of uranium-238, than was used up in 
its operation. This would be possible, 
in principle, if for every plutonium-239 
nucleus undergoing fission, more than 
one neutron, on the average, were cap- 
tured by uranium-238 to regenerate 
plutonium-239. Similarly, it is possible 
to conceive a reactor with uranium-233 
as the fissile material in which, for 
every one of these nuclei suffering fis- 
sion, more than one would be regen- 
erated by the capture of neutrons in 
thorium-232. Such reactors are called 
breeders and the regeneration process is 
known as breeding. By the use of 
breeding, the stockpile of fissile ma- 
terial could be steadily increased, in- 
stead of remaining constant as would 
be the case for the one-to-one conver- 
sion considered above. Thus, not only 
would all the fertile material be con- 
vertible into fissile material, but the 
amount of the latter available, and 
hence the rate of power production, 
could be steadily increased. This would 
not go on indefinitely, of course, be- 
cause a time would be reached in the 
ultimate future when all the fertile 
material was consumed. 

15.49. The term breeder is strictly 
applicable to a reactor in which the 
fissile species produced is the same as 
the one undergoing fission. Until ade- 
quate quantities of plutonium-239 and 
uranium-233 are available, however, 
the fissile material must be uranium- 
235, since this is the only one of the 
three found in nature. A reactor in 
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which the amount of plutonium-239 or 
uranium-233 regenerated exceeds the 
quantity of a different fissile species, 
i.e., uranium-235, consumed, is more 
correctly called a pseudo-breeder. Ulti- 
mately, when the supply of uranium- 
285 is exhausted, as seen earlier, true 
breeders will be required to utilize the 
available fertile material. 

15.50. The prospects for realizing 
breeding depend upon the number of 
fission neutrons liberated for each neu- 
tron absorbed by the fissile material.* 
One neutron is required to carry on the 
fission chain and, in addition, more 
than one is needed, on the average, to 
make breeding possible. Hence, apart 
from neutrons lost by leakage or para- 
sitic capture, somewhat more than two 
fission neutrons must be available for 
each neutron absorbed. From the 
known facts, it can be concluded im- 
mediately that breeding of plutonium- 
239 in a thermal reactor is impossible. 
Thermal breeding of uranium-233 from 
thorium-232, however, would appear to 
be feasible. 

15.51. Since the accessible supplies 
of uranium-238 are more abundant 
than those of thorium-232, the prob- 
lem of breeding plutonium-239 is of 
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greater importance. It is fortunate 
therefore that, owing to the smaller 
proportion of nonfission capture of fast 
neutrons, breeding of plutonium-239 
from uranium-238 should be possible 
in a fast reactor. This expectation has 
been confirmed by experiments both 
in the United States and in other coun- 
tries. It may be concluded, therefore, 
that fast breeder reactors, using plu- 
tonium-239 as fuel and uranium-238 as 
fertile material, will play an important 
role in the development of nuclear 
power. Until sufficient plutonium-239 
is available for the purpose, uranium- 
235 will generally be used as the fissile 
material in fast reactors, although the 
breeding gain is less than if plutonium- 
239 were employed. t 

15.52. There are various ways in 
which fertile material may be located 
with respect to the core of a breeder 
reactor. As a general rule, some is in- 
cluded in the fuel element, which may 
contain up to 75 or 80 percent of the 
fertile species. In addition, the core is 
surrounded by a blanket of fertile ma- 
terial, so that neutrons escaping from 
the core will be captured in the blan- 
ket. Such a blanket also serves as the 
reflector for a fast reactor. 


RESEARCH REACTORS 


INTRODUCTION 


15.53. The general considerations 
upon which the choice of a reactor 
system must be based were outlined 
above; some descriptions will now be 
given of a number of reactors of spe- 


cifie types. In this connection, it is 
convenient to classify reactors accord- 
ing to the main purpose for which they 
are intended, although some reactors 
have more than one application. The 
types to be examined here are (a) re- 


_* The values given in the table in $13.40 refer to the number of fission neutrons per fission. 
Since not all neutrons absorbed by fissile nuclei eause fission—some are merely captured in 
the (ny) reaction—the number of fissiori neutrons per neutron absorbed is less than quoted in 
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the nuclear power industry develo; 
reactors will be employed as fuel n ‘ermal 
tion of fissile material, but the best that can 


uranium-235, is a one-to-one conversion. In wa: 


will be much less. 


the additional plutonium-239 produced in fast 
reactors. In these, there will be some regenera- 
be anticipated, as in thermal reactors utilizing 
ter-moderated reactors, the conversion efficiency 
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search reactors, (b) production reac- 
tors, (c) power reactors and power 
reactor experiments, and (d) special 
purpose reactors. 

15.54. A research reactor is one of 
low or moderate power intended pri- 
marily as a source of neutrons, in par- 
ticular, and of gamma rays for re- 
search purposes. Materials may be sub- 
jected to the action of neutrons within 
the core or reflector, or a beam of neu- 
trons, covering a range of energies, 
may be extracted through an opening 
(or beam hole) running into the reac- 
tor. Research reactors frequently have 
a layer of graphite, 4 or 5 feet thick, 
known as a thermal column, adjacent 
to the core, to provide a source of ther- 
malneutrons. If along column of graph- 
ite is employed, the emerging neutrons 
are exceptionally *cold" (§ 11.94). Re- 
search reactors are often used to pro- 
duce radioactive isotopes for various 
purposes (see Chapter 17). A suitable 
stable element is exposed to neutrons 
in the reactor and as a result of the 
radiative capture (n,y) reaction, a 
radioactive isotope of the same ele- 
ment can often be obtained (§ 11.48). 
A few radioactive species, e.g., tritium 
and carbon-14, are formed by other 
neutron reactions. 


GRAPHITE-MODERATED RESEARCH 
REACTORS 


15.55. The earliest (Chicago) reac- 
tors, using natural uranium as the fuel 
Source and graphite as moderator, and 
ambient air as the coolant, were re- 
search reactors. A similar fuel-moder- 
ator system, but with forced air cooling 
so as to permit operation at higher 
power (and higher neutron flux), was 
subsequently employed in the Oak 
Ridge reactor (now shut down) and 
the one at the Brookhaven National 
Laboratory, Long Island, N. Y. The 
fuel elements in the latter, originally 
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of the cylindrical slug type, were later 
replaced by twisted, sandwich plates 
containing enriched uranium as an 
alloy with aluminum. The large size of 
graphite reactors is an advantage in 
the respect that many experiments can 
be performed simultaneously; on the 
other hand, it makes them unsuitable 
for most research locations. 


ORDINARY-WATER MODERATED 
RESEARCH REACTORS 


15.56. Several compact reactors for 
research purposes have been con- 
structed in recent years. One of these 
is based on the so-called water boiler, 
developed at the Los Alamos Scientific 
Laboratory during World War II “to 
provide,” according to the Smyth 
Report, “verification of the effects pre- 
dicted for reacting systems containing 
enriched U-235.” The original water 
boiler, which went critical in May 
1944, was the first (homogeneous) re- 
actor to use an aqueous fuel solution 
as well as the first to employ an en- 
riched fuel (14.6 percent uranium- 
235). The water boiler reactor has the 
great merit of simplicity of design and 
construction. 

15.57. The core consists of uranyl 
sulfate (20 to 90 percent enrichment) 
dissolved in roughly 334 gallons (14 
liters) of ordinary water; the total 
weight of uranium-235 is about 2 
pounds, The solution is contained in a 
stainless steel sphere or cylinder, sur- 
rounded by a graphite reflector about 
414 feet thick. The heat generated by 
fission is removed by passing cold 
water through pipes in the containing 
vessel. The fuel solution in the water 
boiler does not boil, although its tem- 
perature may be as high as 80°C 
(175°F). The name arises from the 
appearance of boiling given by the 
bubbles of hydrogen and oxygen gases 
resulting from the decomposition of 
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the water by fission products, neutrons, 
and gamma rays. Recent forms of the 
water boiler reactor operate at heat 
power levels of 50 kilowatts or more. 

15.58. Another type of research re- 
actor is known colloquially as a swim- 
ming pool or, preferably, as a pool re- 
actor. The core consists of a number of 
flat fuel elements of the sandwich plate 
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latter feature the reactor has acquired 
its name. The water serves as moder- 
ator, reflector, shield, and coolant. An 
important aspect of the pool-type re- 
actor is the capability of moving the 
core. Thus, while an experiment is 
proceeding at one point in the pool, 
another can be set up elsewhere and 
the core moved to it later. The com- 
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Fig, 15.2. Cutaway representation of a pool-type research reactor. 


type, the center layer containing 20 
to 90 percent enriched uranium (or 
uranium dioxide) dispersed in alumi- 
num (§ 15.16); the weight of uranium- 
235 required for satisfactory operation 
is 5 to 7 pounds. The core, with the 
fuel elements vertical, is suspended 
from a movable bridge (Fig. 15.2); it is 
located near the bottom of a pool of 
water about 20 feet deep. From this 


*' The name is 
Atomic. 


mercially available TRIGA* reactor is 
of the pool type, but the fuel elements 
are cylindrical rods made from a mix- 
ture of enriched (20 percent) uranium 
with solid zirconium hydride and clad 
with aluminum. The hydrogen in the 
zirconium hydride provides a consid- 
siderable proportion of the neutron 


moderation. 
15.59. The operating power levelof a 
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pool reactor is determined by two con- 
siderations: first, the rate at which heat 
can be removed from the core, and 
second, the radioactivity of nitrogen- 
16 produced by the action of neutrons 
on the oxygen in the water. In the 
early forms of the pool reactor, which 
relied on natural convection of the 
water to produce circulation and cool- 
ing, the heat power was limited to 
about 100 kilowatts. Later this was 
increased to 1 megawatt* by forced 
circulation of the water and by keeping 
the nitrogen-16 near the bottom of the 
pool to permit partial decay of the 
radioactivity (half-life 7.35 sec). By 
means of various devices, such as cir- 
culating the water through an external 
heat exchanger and retaining the water 
in a hold-up tank to allow the nitrogen- 
16 to decay, modern pool reactors can 
operate at heat power levels up to 10 
megawatts. 

15.60. Historically, the pool reactor 
originated from a mockup of the Ma- 
terials Testing Reactor (MTR). The 
latter was designed to provide a high 
neutron flux for experimental pur- 
poses, especially, as its name implies, 
for the study of the effects of radiation 
on various reactor materials. The 
mockup was built at Oak Ridge Na- 
tional Laboratory in 1950, and the 
first pool reactor went into operation 
in the early part of 1951. But the MTR 
itself, at the National Reactor Testing 
Station, Arco, Idaho, did not go critical 
until March 1952; the maximum power 
level is about 40 megawatts. It is more 
of an engineering test device than a 
pure research reactor, although it is 
used for a wide variety of purposes. 
Because of the great demand for the 
use of the MTR, another reactor of 
somewhat similar design, but with 
greatly improved facilities, called the 

` Engineering Test Reactor (ETR), was 
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completed at Arco in 1957. The maxi- 
mum power level of the ETR is 175 
megawatts. 

15.61. The fuel elements of the 
MTR (and ETR) are of the aluminum 
sandwich-plate type, the fuel section 
containing uranium of about 90 per- 
cent enrichment dispersed in alumi- 
num. The core is surrounded by a 
beryllium reflector and, in the case of 
the MTR, a second reflecting region 
of graphite. In the ETR, this outer 
reflector is made of aluminum, The 
whole is held near the center of a cylin- 
drical tank containing water which acts 
as the moderator. The tank is enclosed 
in a thick conerete shield to minimize 
the escape of harmful radiations, Cool- 
ing is achieved by foreed convection 
with large volumes of water which 
enter the tank at some distance above 
the core, and flow downward through 
the fuel plates. The water leaves by an 
overflow pipe fed from the bottom 
of the tank. 

15.62. The MTR and ETR are ex- 
amples of tank-type (or tank) reactors 
that are used for research and related 
purposes. They are similar, in prin- 
ciple, to pool reactors, except that the 
core is suspended in a deep cylindrical 
tank of water and cannot be moved. 
The tank is surrounded by a concrete 
shield for radiation protection in the 
lateral directions. A tank-type reac- 
tor is preferred over one of the pool 
type when a large number of holes for 
neutron beams, in many different di- 
rections, is an important requirement, 
If the tank is open at the top, the 
power level of the reactor is limited to 
about 5 megawatts, but in the closed- 
tank type, like the MTR and ETR, 
rapid circulation of the cooling water 
permits operation at much higher 
power levels. 

15.63. Reactors designed to produce 


* One megawatt is 1000 kilowatts or 1,000,000 watts. 
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a high flux of thermal neutrons, such as 
the MTR and the ETR, suffer from 
the disadvantage of xenon poisoning 
(§ 15.78). This can be largely overcome 
in the "flux-trap" reactor, in which the 
flux attained within a particular region 
—the trap—that does not lie within 
the reactor core is much higher than 
in the core itself. In the most common 
type of flux-trap reactor, the fuel ele- 
' ments are arranged so as to form a 
hollow cylinder, with an "island" in 
the center; this island is filled with 
a good moderator, namely ordinary 
water. The core is surrounded by a 
moderator-reflector which is usually 
either heavy water or beryllium. The 
thermal neutron flux in the island is 
then considerably higher than in the 
core. In the Argonne Advanced Re- 
Search Reactor, for example, at the 
Argonne National Laboratory, the 
maximum thermal-neutron flux, at a 
power level of 240 megawatts, is 10!* 
neutrons per sq cm per sec. For com- 
parison, it may be noted that the 
maximum flux in the ETR is less by a 
factor of about 16, although the operat- 
ing power is only slightly lower at 175 
megawatts. 

15.64. For some experiments, an 
extremely high flux of thermal neu- 
trons is required for a short period of 
time, and a number of "pulsed" reac- 
tors have been developed for this pur- 
pose (see also $ 15.71). A large propor- 
tion of such reactors use ordinary water 
as the moderator with special fuel ele- 
ments; these can be of the uranium 
(20 percent uranium-235)-zirconium 
hydride type, such as are used in the 
TRIGA reactor (§ 15.55), or they may 
be of low-enrichment (6 percent ura- 
nium-235) uranium dioxide (UO;). The 
prineiple of the pulsed reactor is that 
the control rods are removed suddenly 
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so as to increase the effective multi- 
plication factor of the system to its 
maximum value. The neutron flux then 
rises very rapidly, in accordance with 
equation (14.1). As a result of the high 
fission rate, the fuel elements and sur- 
rounding moderator are heated to high 
temperatures. If the reactor has been 


properly designed, the increase in tem- . 


perature will be accompanied by a 
sharp decline in the multiplication 
factor and the reactor, which was pre- 
viously supercritical, will become sub- 
critical. Several items can contribute 
to the decrease in the multiplication 
factor with increasing temperature, 
i.e., to the negative temperature coeffi- 
cient; they include enhanced nonfission 
capture of the neutrons in uranium-238 
present in the fuel, increased escape 
of neutrons, and decreased effective- 
ness of the moderator. Consequently, 
the chain reaction will soon die out 
and the neutron flux will decrease 
rapidly. The net result is thus a very 
strong pulse of neutrons lasting for & 
fraction of a second.* 


Heavy-Water MODERATED 
RESEARCH REACTORS 


15.65. A research reactor of reason- 
able size, with natural uranium as fuel, 
can be designed by using heavy water 
as the moderator. About 3 tons of 
uranium metal, in the form of vertical 
rods, in somewhat over 1000 gallons 
of heavy water, surrounded by a graph- 
ite reflector, will have an effective mul- 
tiplication factor exceeding unity. Con- 
sequently, a reactor core with these 
components can be contained in a cy- 
lindrieal tank roughly 8 feet high and 6 
feet in diameter. An advantage of a 
heavy water-moderated research reac- 
tor with natural uranium as fuel is 
that the neutron flux is higher than for 


* All reactors are designed to have a negative temperature coefficient as a safeguard against 


an undesirable increase in temperature. 
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a graphite-moderated reactor operat- 
ing at the same power level, i.e., for 
the same rate of heat removal. Since 
the heavy water reactor contains a 
smaller weight, w, of uranium-235, it 
follows from equation (14.6) that, for 
a given power, P, the neutrons flux, nv, 
will be higher than in a graphite reac- 
tor using natural uranium as fuel. 

15.66. The first reactor to use heavy 
water as moderator, with normal ura- 
nium metal as fuel, was completed at 
the Argonne National Laboratory in 
May 1944. Heat removal was achieved 
by circulating the heavy water through 
a cooler (heat exchanger) outside the 
reactor. The normal operating power 
was 300 kilowatts. The reactor was 
dismantled in January 1950, because 
of suspected corrosion of the aluminum 
cladding of some of the fuel rods. At 
that time the natural uranium was re- 
placed by metal enriched to the extent 
of 2 percent in uranium-235. This per- 
mitted a four-fold increase in neutron 
flux without any change in the power 
(rate of heat removal). 

15.67. Advantage has been taken of 
the higher flux obtainable for a given 
power to use highly enriched (90 per- 
cent uranium-235) fuel material in the 
design of the heavy water-moderated 


Argonne Research Reactor (CP-5). 


When originally completed in 1954, 
the fuel elements, consisting of a ura- 
nium-aluminum alloy clad with alumi- 
num, were in the form of plates, but 
they were subsequently changed to 
concentric tubes, The elements are 
suspended vertically in a large closed 
tank of heavy water; the reflector is 
partly heavy water in the tank and 
partly a layer of graphite surrounding 
it. Cooling is achieved by pumping the 
heavy water through the channels be- 
tween the fuel cylinders and then 
through an external heat exchanger. 
The empty central regions of the fuel 
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elements are used for exposing mate- 
rials to a high flux of neutrons. The op- 
erating power of the CP-5 reactor is5 , 
megawatts and the maximum thermal- 
neutron flux is about 10!* neutrons 
per sq em per sec. Other reactors, of 
both lower and higher powers, based 
on enriched uranium and heavy water, 
have been built in the United States 
and the United Kingdom. 

15.68. Canada, with its abundant 
supply of natural uranium but with no 
facilities for its enrichment, has spe- 
cialized in heavy water-natural ura- 
nium reactors. The first reactor con- 
structed in that country was completed 
in September 1945. Its power level was 
very low and reliance was placed on the 
ambient air to remove the small 
amount of heat generated. Some two 
years later, a Canadian research réac- 
tor (NRU) of the same basic type, but 
capable of operating at a heat power of 
40 megawatts, was completed. This 
reactor is unusual in the respect that 
ordinary water is used as the coolant 
in the following manner. The vertical 
fuel rods, of normal uranium clad with 
aluminum, are surrounded by two con- 
centric aluminum tubes, so that there 
are two annular regions. The coolant 
water flows through the inner annulus 
and out to an external heat exchanger; 
the outer annulus is an air gap to pre- 
vent the coolant from contaminating 
the heavy water in the event of a leak 
developing. Another natural uranium- 
heavy water research reactor (NRX) 
of still higher power (200 megawatts) 
and neutron flux (3 X 10‘ neutrons 
per sq em per sec) started operation 
in Canada in 1957. It is cooled by cir- 
culating the heavy water through a 
heat exchanger as in the Argonne reac- 
tor. The NRX reactor is credited with 
being the first in which spent fuel ele- 
ments could be replaced without inter- 
fering with the operation. 
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15.69. In comparing heavy-water 
moderated reactors with those using 

, ordinary water as the moderator, it 
appears that the former have two 
advantages and one disadvantage. In 
the first place, for the same thermal 
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iments both inside and outside. The 
research facilities of the heavy water 
reactor at the Argonne National Lab- 
oratory are seen in Fig. 15.3; the core 
lies below the light-colored circular 
region in the center. Access holes for 
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Fig. 15.8. The CP-5 research reactor and experimental equipment at the Argonne 
National Laboratory. 


power, i.e., the same rate of heat re- 
moval, and enrichment of uranium-235 
in the fuel, the heavy water reactors 
give a higher neutron flux. Further- 
more, the larger size of the core of these 
reactors provides more space for exper- 


experiments are available both at the 
top and through the eight-sided con- 
crete shield. The main drawback to 
heavy water reactors is that the mod- 
erator is expensive and special care 
must be taken to prevent its loss and 


contamination by ordinary water in 
the heat exchanger. Even the moisture 
present in normal air ean reduce the 
effectiveness of the heavy water. 


Fast RESEARCH REACTORS 


15.70. A research reactor of an en- 
tirely different character to those de- 
scribed above was the Los Alamos 
Fast Reactor, nicknamed ‘‘Clemen- 
tine.” * Upon commencing operation 
in November 1946, it was the first fast 
reactor and also the first to have plu- 
tonium-239 as the fuel. The core, con- 
taining the vertical fuel rods clad with 
steel, was a cylindrical cage only 6 
inches high and 6 inches in diameter; 
naturally, there was no moderator. 
The reflector consisted of ordinary 
uranium metal and steel, and the cool- 
ant was mercury. This liquid could not 
be used in a thermal reactor because it 
has a large cross section for the capture 
of slow neutrons, but the capture of 
fast neutrons is negligible. Control was 
achieved by rods which displaced some 
of the uranium from the reflector, thus 
permitting the fast neutrons to escape. 
The reactor was dismantled in 1953, 
when the corrosion of the steel cladding 
resulted in the mercury coolant becom- 
ing contaminated with radioactive fis- 
sion products. 

15.71. A device for producing a 
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short pulse of fast neutrons is the. 
Godiva assembly, at the Los Alamos 
Scientific Laboratory, so called be- 
cause it consists of a bare Core of highly 
enriched uranium. The first Godiva, 
known as “Lady Godiva” (or Godiva I) 
was constructed in 1953, but was dam- 
aged some four years later by an ex- 
ceptionally large burst of neutrons; it 
was then replaced by the similar 
Godiva II. The latter has two (leakage) 
control rods and a "burst? rod of ura- 
nium that enter the core from the 
bottom. The control rods are adjusted 
for steady-state operation with the 
burst rod in the out position. Rapid 
insertion of the latter decreases the 
leakage of neutrons from the core and 
the reactor very quickly becomes super- 
critical; there is then a burst of fast 
neutrons lasting a fraction of a second. 
The burst is terminated automatically 
when the reactor becomes subcritical, 
as a result of thermal expansion with 
an accompanying increase in neutron 
leakage. In a 1967 modification of 
Godiva, the expansion of a “safety 
block" of fuel causes a magnetic clutch 
to open, thus permitting the block to 
fall away from the core. The reactor is 
then subcritical and the noutron pulse 
ends. Fast-neutron pulse reactors of 
related designs have been built in other 
laboratories. 


PRODUCTION REACTORS 


PRODUCTION OF PLUTONIUM 


15.72. The purpose of a production 
reactor is to convert fertile into fissile 
material, the latter being employed as 
the source of energy in a nuclear fission 
bomb or as the fuel in other reactors, 


either for research or for useful power. 
In the Hanford Works production re- 
actors ($14.77), the fuel is natural 
uranium, the moderator is graphite, 
and water is the coolant. Because of 
the relatively large number of neutrons 


* This name, derived from the familiar song, originated from a combination of circum- 
stances: the location of the reactor in a canyon, and the fact that plutonium-239, for which 


ihe code number was ‘‘49,”” was the fuel. 
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captured by hydrogen nuclei in the 
water, the proportion available for cap- 
ture by uranium-238, with subsequent 
formation of plutonium-239, is con- 
siderably reduced. The efficiency of 
conversion, i.e., the ratio of plutonium- 
239 nuclei produced to the uranium- 
235 nuclei consumed in the reactor, 
is thus appreciably less than unity. It 
is doubtful, in any event, if a conver- 
sion ratio greater than about 0.8 can 
be realized in a graphite-moderated 
reactor with natural uranium fuel. 
15.73. The obvious method for in- 
creasing the efficiency of the conver- 
sion process is to design the reactor so 
as to have a relatively small resonance 
escape probability ($14.38). It is 
mainly by capture of neutrons in the 
resonance region that uranium-238 is 
eventually converted into plutonium- 
239. In normal uranium-graphite reac- 
tors, the maximum value of the infinite 
medium multiplication factor (about 
1.07) is so close to unity that any ap- 
preciable decrease in the resonance 
escape probability would make it im- 
possible to attain critieality. But, when 
heavy water is the moderator, with 
normal uranium fuel, the infinite me- 
dium multiplication factor can be as 
large as 1.25. Hence, a substantial de- 
„crease in the resonance escape prob- 
ability is permissible without making 
operation of the reactor impractical. 
The conversion efficiency of a produc- 
tion reactor using heavy water as mod- 
erator can thus be greater than of one 
which is graphite moderated. It is of 
interest to record that heavy water is 
the moderator in the plutonium pro- 
duction reactors at the Savannah River 
Plant, near Aiken, South Carolina. 


DuAL Purrose REACTORS 


, 15.74. Some consideration has been 
given to the design of dual-purpose 
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reactors which can produce both high- 
grade plutonium for weapons and use- 
ful power. There is only one such reac- 
tor in the United States, the “N” 
reactor at the Hanford Works, com- 
pleted at the end of 1965. It is intended 
primarily for the production of plu- 
tonium, but in addition it provides 
heat for the generation of 800 mega- 
watts of electrical power. In the United 
Kingdom, plutonium was first pro- 
duced in the Windscale production re- 
actors (§ 15.33) which have now been 
closed down, and all the plutonium 
required is obtained from the dual- 
purpose reactors at Calder Hall and 
Chapel Cross. These are natural- 
uranium-graphite. systems cooled by 
carbon dioxide gas under pressure. 
Similar dual-purpose reactors have 
been constructed in France. 

15.75. In a broad sense, any reactor 


in which there is a conversion of fertile’ 


to fissile material is a production reac- 
tor. Whenever uranium-238 or tho- 
rium-232 is present in the fuel ele- 
ments, as is the case in most power 
reactors, some production (or regen- 
eration) of fissile material is inevitable 
and, in fact, desirable. No attempt is 
made, however, to recover the plu- 
tonium (or uranium-233) in a reason- 
ably pure form, as would be required 
for weapons. The plutonium is allowed 
to remain in the reactor as long as 
possible and to contribute to the fission 
process as the uranium-235 is con- 
sumed. Power reactors of this type, 
which are converters (§ 15.41), are not 
regarded as dual-purpose reactors. The 
plutonium that is recovered from the 
spent fuel from a converter may be 
suitable for use as the fuel material 
in another reactor, but it would be too 
impure for weapons applications. 
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POWER REACTORS 


Power REACTORS AND POWER 
REACTOR EXPERIMENTS 


15.76. In a power reactor, the heat 
generated in the fission process is used, 
either directly or indirectly, to produce 
steam at high temperature and pres- 
sure or to heat a compressed gas. The 
steam or heated gas then passes on to 
a turbine, as in a conventional power 
plant; the turbine drives a generator, 
thereby producing electrieity. In es- 
sence, therefore, the nuelear reactor is 
equivalent to the furnace of a boiler 
that “burns” a fuel of an entirely 
novel character. In some reactors 
steam or hot gas is produced within 
the reactor itself, but in most cases the 
steam is formed in an external heat 
exchanger which acts as the boiler. 

15.77. Regarded purely as a gener- 
ator of heat, there are some unusual 
aspects of a nuclear reactor that merit 
consideration. In the first place, there 
is no limit, in principle, to the rate (or 
power) at which a given reactor can 
generate heat. It will be evident from 
equation (14.6) that the heat power 
output depends on the weight of fissile 
material, e.g., of uranium-235, and the 
neutron flux. The weight of the mate- 
rial does not vary very greatly, but 
there is no theoretical reason why the 
flux should not be increased indefi- 
nitely. There is, however, a practical 
limitation to the power level. If the 
heat is not removed as fast as it is 
generated, the temperature of the reac- 
tor components will continue to rise 
and eventually they will get so hot that 
something will melt and the reactor 
will be destroyed. The operating power 
of a nuclear reactor is, therefore, deter- 


mined by the maximum rate of heat 
removal. It is because there is the pos- 
sibility of a very rapid rate of heat 
generation, that increasing the power 
of a reactor to its operating level must 
be done with care (§ 14.63). 

15.78. Even if heat can be removed 
very rapidly, there is another restric- 
tion to the power output, dependent 
upon the neutron flux. If the flux and, 
consequently, the fission rate are high, 
radiation damage to the fuel elements 
and other components of the reactor 
core may become too serious to permit 
operation for any length of time. Fur- 
ther, in a thermal reactor, certain fis- 
sion products, notably xenon-135, 
have a peculiar effect. This particular 
nuclide has an extremely large cross 
section for the capture of slow neu- 
trons and is one of the worst known 
reactor poisons.* It is formed mainly 
by the radioactive decay of a primary 
fission fragment (tellurium-135). Asa 
result, its concentration in the fuel 
elements may increase considerably 
even after the reactor is shut down. 
Such is particularly the case when 
normal operation is at a high neutron 
flux, and the curious situation may 
then arise in which, due to the poison- 
ing, the reactor cannot be restarted for 
seme time after it is shut down. It may 
be necessary to wait many hours for 
the xenon-135, which is radioactive 
(half-life 9.2 hr), to decay toa sufficient 
extent to permit startup. Fast reactors 
do not suffer from xenon poisoning 
because the capture cross section is 
small for fast neutrons; this is often 
regarded as being one of the advan- 
tages of such reactors. 


. * The capture cross section of 3.4 X 10° barns of xenon-135, for neutrons of 0.07-eV energy, 
is the highest cross section for any known neutron reaction. 
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15.79. It is characteristic of nuclear 
reactors that they have a potential for 
high thermal efficiency, i.e., for the 
conversion of heat into electricity. A 
consequence of the laws of thermo- 
dynamies, with which engineers are 
familiar, is that heat can be more effi- 
ciently converted into useful energy if 
it is released at a high temperature. In 
a nuclear reactor, very high tempera- 
tures, and hence good thermal effi- 
ciency, would be possible were it not 
for the limitation imposed by the na- 
ture of the materials used. Such mate- 
rials must not only be able to with- 
stand high temperatures, but must also 
have small cross sections for neutron 
absorption. Thermal efficiencies hith- 
erto attained in reaetor systems have 
not exeeeded those in conventional 
Steam plants, but the situation may 
change in due course. 

15.80. Another aspect of nuclear re- 
actors, to which attention should be 
called, is related to the fuel consump- 
tion. It is true that 1 pound of ura- 
nium-235 (or plutonium-239) can pro- 
vide heat energy equivalent to that of 
1500 tons of coal. But, whereas a fire 
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can be started in a furnace with a small 
quantity of coal and then further 
amounts added gradually until all is 
consumed, fissile material cannot be 
used in a similar manner. A power 
reactor capable of consuming 1 pound 
of uranium-235 without attention 
would have to contain a great deal in 
excess of this quantity. During the 
whole of its operation, the nuclear 
reactor must contain more than the 
critical amount of fuel material. This 
may range from a few pounds, in the 
case of a thermal reactor utilizing 
highly enriched uranium (or pluto- 
nium), to several tons, when normal 
uranium is the fuel source. 

15.81. Within the limitations indi- 
cated above, there is still a large num- 
ber of combinations, of fuel material, 
moderator (if any), reflector, coolant, 
and method of heat removal, which 
appear to be practieal for power reac- 
tor designs. Some idea of the possi- 
bilities is given in tne appended table. 
To the fissile materials there will ulti- 
mately be added uranium-233, when 
this becomes available in quantity. Al- 
though some of the combinations of 


Power REACTOR COMPONENTS 


Nuclear Fuel Moderator 


Method of 


Coolant Heat Removal 


Natural uranium | Heavy water, beryl- 


lium, beryllium oxide, 
or graphite 


Ordinary water, heavy 
water, organic liquid, 
helium, carbon diox- 
ide 


Circulation of coolant 
through external heat 
exchanger (boiler) 


Enriched ura- 
nium (plus pos- 
sibly tho- 
rium-232) 


Same as above; also 
ordinary water or or- 
ganic liquid 


Same as above or so- 
dium 


Same as above or boil- 
ing water within reac- 
tor core; also circula- 
tion of fluid fuel 


Uranium-235 or 
plutonium-239 
(plus 
uranium-238 
for breeding) 


Leiden e m RSV ce eS RES 


None (fast reactor) 


Sodium 


Cireulation of coolant 
through external heat 
exchanger 


———— s oS: 
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components are obviously better than 
others, there still remain several dif- 
ferent reactor design concepts which 
appear to offer prospects for the eco- 
nomic production of power. In general, 
each system has both advantages and 
drawbacks, and without actual oper- 
ating experience it is not possible to 
state definitely that any one is to be 
preferred over the others. To build 
full-scale plants of each type would be 
too costly (and wasteful), and so a 
number of reactors have been (or are 
being) constructed that are in the na- 
ture of power reactor experiments. The 
reactors are often prototypes of those 
which might ‘be used for large-scale 
power production, but they may lack 
much of the subsidiary equipment. 
From the information gained in these 
experiments it is possible to determine 
whether commercial power plants of 
the same general design will prove to 
be practical or not. In the ensuing sec- 
tions, some of the reactor types which 
appear to show the greatest promise 
for power production will be reviewed. 


PRESSURIZED WATER REACTORS 


15.82. A power reactor design which 
has received much attention in the 
United States is the pressurized waler 
system (PWR), utilizing water under 
pressure, up £o 2200 pounds per square 
inch, as the moderator-coolant. The 
fuel elements are in the form of rods 
or plates of enriched uranium (or ura- 
nium dioxide) clad in a corrosion- 
resistant zirconium alloy or stainless 

_ steel. The temperature at the surface 
of the fuel elements may be as high as 
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335°C (635°F).* The pressurized water 
is circulated through the reactor core, 
from which it removes heat, and then 
through an external heat exchanger 
where steam is produced. In the more 
recent pressurized water reactors, the 
saturated steam is at a temperature 
of about 280°C (536°F) and a pressure 
of 930 pounds per square inch. t The 
thermal efficiency, i.e., the proportion 
of heat power generated by fission that 
is converted into electric power, is 
slightly more than 30 percent. f 

15.83. A pressurized water system 
was used in the first nuclear reactor 
ever to produce substantial amounts 
of electrical power, starting on May 
31, 1953.f This was the prototype 
(Mark I) of the reactor later installed 
in the submarine U.S.S. Nautilus, 
which commenced its sea trials in 
January 1955. The original fuel charge 
in the nuclear-powered submarine re- 
actor was not replaced until more than 
two years later when the vessel had 
traveled some 60,000 nautical miles. It 
is estimated that in a Diesel-propelled 
submarine this would have required 
about 720,000 gallons of fuel oil. The 
second core was even more effective 
for it permitted the U.S.S. N autilus to 
travel more than 150,000 nautical 
miles. 

15.84. Because of the stringent space 
requirements, the fuel for submarine 
reactors is highly enriched in uranium- 
235. With water as the moderator, it 
is then possible to construct a core of 
small size, Reactors utilizing highly en- 
riched fuel, with essentially no fertile 
material, are called burners, because 


*Since engineers are accustomed to expressing temperatures on the Fahrenheit scale, 
temperatures will be given on this scale as well as on the centigrade (Celsius) seale. 
tIn saturated steam, i.e., steam in equilibrium with liquid water, the temperature and 
preesuire are related to each other; thus, fixing one of these automatically determines the other. 
n supersaturated steam at a given pressure, the temperature is higher than the corresponding 
saturation value. In a water-to-water heat exchanger, the steam generated is inevitably 


saturated. 
i The first nuclear reactor ever to 


roduce electricity, although only in small amounts, 
o. ” 


was the experimental breeder reactor (§ 15.129) at Arco, I 
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they “burn” the uranium-235 without 
replacing it by any significant amount 
of other fissile species. Such reactors 
are justifiable only in special circum- 
stances where a small, lightweight core 
is mandatory. In addition to their use 
for submarine propulsion, pressurized 
water reactors with highly enriched 
fuel have been incorporated into a 
number of compact power plants de- 
signed for transportation by air to re- 
mote locations, such as Fort Greely, 

` Alaska; Camp Century, Greenland; 
and McMurdo Sound, Antarctica. A 
similar nuclear plant, carried on board 
a ship, can provide emergency power 
in an area stricken by a disaster. 

15.85. Where space is not at a pre- 
mium, e.g., in central-station electric 
power plants, a fuel of low enrichment 
can be used in a pressurized water re- 
actor. The advantages over the highly 
enriched fuel system are the lower 
cost of the fuel material, the partial 
regeneration of fissile material by con- 
version of the uranium-238 present 
into plutonium-239, and better condi- 
tions for heat removal due to the in- 
creased size of the core. 

15.86. The first full-scale nuclear 
power plant in the United States, at 
Shippingport, Pennsylvania, was com- 
pleted at the end of 1957.* It has a 
pressurized water reactor which is un- 
usual in the respect that two kinds of 
fuel elements are employed: they are 
called the "seed" and the "blanket," 
respectively. The seed elements are of 
highly enriched uranium whereas the 
blanket elements contain normal ura- 
nium as the dioxide. The seed assem- 
blies are arranged in a square annular 
array with the blanket elements both 
inside and outside. An advantage of 
this seed-blanket arrangement is that 
it helps to give a uniform release of fis- 
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sion energy throughout the core. The 
Shippingport reactor originally pro- 


duced 60 megawatts of electric power; . 


this was later increased to 100 mega- 
watts with a capability of going to 150 
megawatts of electricity. 

15.87. As a result of their successful 
operation, pressurized water reactors 
are now one of the two most common 
types—the other is the boiling water 
reactor (§ 15.90)—used in central- 
station nuclear power plants in the 
United States. The earliest of such 
plants, following the one at Shipping- 
port, are those of the Yankee Atomic 
Electric Company, Rowe, Massachu- 
setts, which started up in 1960, and 
of the Consolidated Edison Company, 
Indian Point, New York, started up 
in 1962. Several other pressurized 
water reactor power plants have been 
(or are being) constructed in the 
United States and in other countries, 
e.g., France, Italy, and the U.S.S.R. 
The electric power output of some of 
the later plants, due to start operation 
in the early 1970s, is over 1000 mega- 
watts; this is comparable with the 
capacity of the largest conventional 
power installations. The general sche- 
matic arrangement of the core of a 
pressurized water reactor is shown in 
Fig. 15.4, The fuel elements are usually 
thin rods made up of pellets or com- 
pacted powder of uranium dioxide, 
with a uranium-235 enrichment of 2.5 
to 4 percent; the cladding is stainless 
steel or, preferably, a zirconium alloy. 
Water is pumped through the steel 
pressure vessel and an external heat 
exchanger at a pressure of 2000 (or 
more) pounds per square inch. It serves 
as the moderator, coolant, reflector, 
and to some extent as a radiation 
shield. Additional shielding is provided 
by water outside the reactor vessel and 


* The reactor attained criticality on December 2, 1957, the 15th anniversary of the first 


nuclear chain reaction (§ 14.55). 
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finally by the usual thick wall of con- 
crete. : 

15.88. There are two main weak 
aspects of water-moderated reactors. 


CONTROL- ROD 
DRIVE 
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L 
PRESSURE ELEMENTS 
VESSEL 
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WATER COOLANT 
AND MODERATOR 


Fia. 15.4. Schematic section of the pres- 
sure vessel (and core) of a pressurized- 
water reactor. 


In the first place, they have low con- 
version ratios for the regeneration of 
fissile material; this is an inevitable 
result of the fairly high capture cross 
section of the hydrogen nuclei for ther- 
mal neutrons. It is, therefore, a situa- 
tion that cannot be remedied. Second, 
the temperature of the steam produced 
is relatively low, and hence so also is 
the thermal efficiency for conversion 
into useful power. Since large vessels 
capable of withstanding pressures in 
excess of about 2500 pounds per square 
inch are very costly to fabricate, this 
pressure represents the upper operating 
limit at the present time.* The temper- 
ature of the water leaving the reactor 
may thus not rise above roughly 315°C 
(599°F), and the temperature-of the 
steam produced in the heat exchanger 
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cannot exceed about 305°C (581°F). 
This temperature is considerably be- 
low the more than 540°C (1004°F) 
attained in conventional power plants 
equipped with superheaters. 

15.89. Consideration has been given 
to the possibility of superheating the 
saturated steam produced in a nuclear 
system. One approach is to use a super- 
heater fired by coal or oil. Of present 
interest, however, is the design of 
superheaters using nuclear fission to 
provide the heat. A nuclear super- 
heater would, in effect, be a separate 
reactor utilizing steam as the coolant. 
A number of steam-cooled reactors 
have been proposed and designed but 
none has yet been implemented. Nu- 
clear superheating has been incorpo- 
rated, however, in some boiling water 
reactors which are described in the 
next section. 


Borne WATER REACTORS 


15.90. It is well known that if boil- 
ing can be permitted, water is much 
more effective for heat removal than 
if there is no boiling. For several years 
it was felt that steam bubble forma- 
tion in a reactor would lead to a dan- 
gerous instability, but in 1953 it was 
first shown, in experiments carried out 
at Arco, Idaho, that water can be 
boiled quite safely in a properly de- 
signed reactor core. Electric power was 
generated from steam produced in such 
a boiling water reactor in June 1955. 
In order to determine the damage that 
might result from an accident, a reac- 
tor of this kind was deliberately al- 
lowed to go out of control, in July 1954, 
by increasing the power extremely 
rapidly. The reactor was destroyed as 
expected, but the consequences were 
not disastrous. 

15.91. The boiling-water reactor sys- 


* Improvements in fabrication techniques will undoubtedly remove this limitation in the 


ensuing years. 
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tem, in which the water moderator- 
coolant is actually boiled directly 
within the reactor core, has many 
points in its favor. First, the elimina- 
tion of the external heat exchanger re- 
sults in a considerable decrease in capi- 
tal expenditure. Further, the pressure 
in the reactor vessel does not have to 
be much greater than the required 
steam pressure. In a pressurized water 
reactor, the pressures used to prevent 
boiling are significantly larger, so that 
stronger and more expensive pressure 
vessels are required. 

15.92. The Experimental Boiling 
Water Reactor (EBWR), at the Ar- 
gonne National Laboratory, designed 
for 20 megawatts of heat power, be- 
came critical on December 1, 1956, and 
first generated electricity on December 
23, 1956. Electricity at the full rated 
power of 5 megawatts was produced 
six days later. In due course it was 
found that the reactor could be oper- 
ated for short intervals at powers as 
high as 60 megawatts of heat, and with 
the installation of a new core this 
was increased to 100 megawatts. The 
EBWR employs plate-type fuel ele- 
ments made of a mechanieally strong 
alloy of uranium with niobium and 
zirconium; they are clad in a zirconium 
alloy. The elements are of two types: 
one contains natural uranium and the 
other has an enrichment of 1.44 per- 
cent uranium-235. Steam is generated 
at a temperature of 254°C (489°F) 
and a pressure of about 615 pounds 
per square inch. 

15.93. The first boiling water reactor 
to produce substantial amounts of elec- 
tric power is at the Commonwealth 
Edison’s Dresden Nuclear Power Sta- 
tion, near Chicago, Illinois, which was 
started up in 1960 (Fig. 15.5). Central- 
station power plants utilizing boiling 
water reactors are also in operation (or 
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under construction) in other parts of 
the United States, as well as in Italy, 
Germany, and India. The design power 
of the most recent plants is up to about 
1000 megawatts of electricity. Boiling 
water reactors employ rod-type fuel 
elements, similar to those in pressur- 
ized water reactors, consisting of ura- 
nium dioxide clad in stainless steel or a 
zirconium alloy. The enrichment, at 
1.5 to 3 percent, is generally lower, 
however; this is a consequence of the 
larger spacing between the fuel ele- 
ments in a boiling water reactor re- 
quired to permit free flow of the steam 
bubbles. A modern reactor of this type 
produces steam at a temperature of 
285°C (545°F) and a pressure of about 
1000 pounds per square inch. The 
steam passes, by way of a steam drum, 
directly from the reactor core to the 
turbine of the turbo-generator system. 
Fear was expressed at one time that 
the turbine might become contami- 
nated with radioactivity carried by the 
steam, but this has proved to be 
groundless. 

15.94. Boiling water reactors are 
particularly adapted to integral super- 
heating: the steam is produced in one 
part. of the core and superheated in 
another part, One of the main problems 
in such reactors is the fabrication at 
reasonable cost of fuel elements capa- 
ble of sustained operation in a high- 
temperature steam environment, Apart 
from some experimental systems, two 
demonstration power plants have been 
constructed with integral nuclear su- 
perheating. The first such plant to 
operate, in 1964, was the Boiling- 
Nuclear Superheat (BONUS) reactor . 
in Puerto Rico. The water in this reac- ' 
tor is boiled in the central region of 
the core and the steam is superheated 
in the outer region. The fuel elements 
consist of uranium dioxide of 2.4 and 
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3.25 percent uranium-235 enrichment, 
clad in stainless steel and a nickel alloy 
(Inconel) in the respective regions. 
The design specifications are exit steam 
temperature 480°C (about 900°F), 
electric power output 17.5 megawatts, 
and thermal efficiency 34.6 percent. 
15.95. The second integral super- 
heat reactor is at the Pathfinder power 
station at Sioux Falls, South Dakota, 
completed in 1965. The arrangement 
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ide rods (1.85 percent enrichment) clad 
with a zirconium alloy, but in the 
superheater the fuel is uranium dioxide 
dispersed in a matrix of stainless steel 
and is clad with stainless steel. In the 
first core, the superheater elements 
were of fully enriched uranium, i.e., 
about 90 percent uranium-235, but in 
the second core the enrichment is in 
the vicinity of 2 or 3 percent. The 
design temperature of the exit steam 


mpleted in 1960 near Chicago, was 


the first full-scale, privately financed nuclear power station in the United States. The 


boiling-water reactor is 


housed in the spherical containment 


vessel. (Commonwealth 


Edison Co.) 


is the reverse of that in the BONUS 
reactor, with steam being generated 
from boiling water in the outer annular 
region of the reactor and superheating 
taking place in the center. In the boil- 
ing region the fuel elements are of the 
conventional type, i.e., uranium diox- 


is 440°C (824°F) and the power output 
is 66 megawatts of electricity, with a 
thermal efficiency of 32.5 percent. 


Heavy-Warer MODERATED 
Power REACTORS 


15.96. The advantages of reactors 


590 


moderated by heavy water, as com- 
pared with ordinary water as modera- 
tor, are twofold. First, it is possible to 
use normal uranium or, in some in- 
stances, very slightly enriched mate- 
rial, as the fuel; hence, the total 
investment in the cost of the core and 
the cost of the fuel consumed are both 
less in the heavy water reactor. Second, 
the conversion ratio for the regenera- 
tion of fissile material, either plu- 
tonium-239 from uranium-238 or ura- 
nium-233 from thorium-232, can be 
close to unity. It is for this latter rea- 
son that the plutonium production 
reactors at the Savannah River Plant 
use heavy water as moderator (§ 15.73). 
Consequently, a large proportion of 
the fertile material in the core is uti- 
lized before the elements have to be 
replaced; that is to say, the burnup is 
high. Both factors, i.e., little or no en- 
richment and high burnup, help to 
decrease the cost of the power pro- 
duced. On the other hand, the high 
price of the heavy water operates in 
the opposite direction. It appears, how- 
ever, that for large power plants, with 
an electrical capacity of 500 megawatts 
or more, this drawback may be more 
than offset by the advantage of low 
fuel costs. l 

15.97. There has been considerable 
experience with heavy-water moder- 
ated reactors for research (§ 15.65) and 
for plutonium production, but it was 
only in the early 1960s that serious 
efforts were initiated to use such reac- 
tors for central-station power pur- 
poses. An important consideration of 
the design of these reactors arises from 
the fact that the fuel elements are 
farther apart than in those moderated 
by ordinary water. It is then possible 
to utilize the “pressure tube” design 
and thus avoid the problem of large 
pressure vessels inherent in systems of 
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the latter type. In this approach, the 
heavy water, at ordinary pressure, is 
contained in a large tank pierced with 
a number of tubes. The cylindrical fuel 
rods are inserted in these tubes and the 
coolant flows in the annular channels 
between the fuel rods and the inner 
walls of the tubes. By keeping the 
tubes under a pressure of 500 to 1500 
pounds per square inch, boiling of the 
coolant can be prevented. The heavy 
water in the tank serves as the moder- 
ator and remains essentially at ordi- 
nary temperature. 

15.98. The first prototype of a 
heavy-water moderated power reactor 
is the Canadian Nuclear Power Dem- 
onstration (NPD-2) reactor completed 
in 1962. It is of the pressure-tube type 
with heavy water at a pressure of about 
1150 pounds per square inch as the 
coolant. The fuel is normal uranium 
dioxide jacketed in a zirconium alloy 
supported in horizontal tubes of the 
same alloy. The coolant leaves the 
reactor at 277°C (530°F) and produces 
steam at about 230°C (446°F) in a 
heat exchanger. The gross electrical 
power output is 22 megawatts with a 
thermal efficiency around 25 percent. 
A unique feature of the NPD-2 reactor 
is the ability to discharge and replace 
the fuel while the reactor is operating 
at full power. The design of the 
CANDU plant at Douglas Point in 
Canada follows that of the NPD-2 
system closely, but it will produce over 
200 megawatts of electrical power at a 
thermal efficiency of about 29 percent. 

15.99. In the United States, the 
Heavy Water Components Test Reac- 
tor (HWCTR) at the Savannah River 
Plant and the Plutonium Recycle Test 
Reactor (PRTR) at the Hanford 
Works are not power reactors, but 
they are intended to provide informa- 
tion on which heavy-water moderated 
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reactor design may be based. Both of 
these reactors are cooled and moder- 
ated by heavy water; the former is of 
the pressure-vessel type whereas the 
latter has a pressure-tube system. The 
purpose of the HWCTR, with a maxi- 
mum thermal power of 38 megawatts, 
is to test fuel elements of various types 
for possible use in a heavy-water power 
reactor. The PRTR, on the other hand, 
is intended to demonstrate the feasi- 
bility of using recycled plutonium, i.e., 
plutonium recovered from spent fuel 
elements (§ 15.187), as an alternative 
(or as a supplement) to uranium-235 
in reactor fuel. 

15.100. The first heavy-water mod- 
erated demonstration power reactor in 
the United States is the Carolinas- 
Virginia Tube Reactor (CVTR) at 
Parr Shoals, South Carolina. The cool- 
ant is also heavy water in a pressure- 
tube system of unusual U-tube design. 
There is a fuel element assembly in 
each leg of the U, and coolant enters 
at the top of one leg and leaves at the 
top of the other; thus all the piping is 
at the top of the reactor. The fuel is 
slightly enriched uranium dioxide clad 
with zirconium alloy. Saturated steam 
is produced in the heat exchanger at a 
temperature of 252°C (485°F) and a 
pressure of 600 pounds per square inch. 
The design power of the CVTR plant. 
is 17 megawatts of electricity with a 
thermal efficiency of 28 percent. 

15.101. The reactors described above 
have heavy water as both moderator 
and coolant, but other pressure-tube 
designs are- receiving attention in 
which the coolant is a different fluid, 
e.g., an organic liquid of high boiling 
point (§ 15.32), a gas, or boiling water. 
Reactors of these types have the ad- 


vantage of lower capital costs, since 
they require less of the expensive heavy 
water, than systems employing this 
liquid as the coolant as well as the 
moderator. Furthermore, they retain 
the beneficial aspects of the heavy 
water moderator, namely, the possi- 
bility of using natural (or very slightly 
enriched) uranium as the fuel and the 


‘potential for a high degree of burnup. 


15.102. The Whiteshell Reactor-l 
(WR-1), at Pinawa, Manitoba, Can- 
ada, is moderated by heavy water 
and was designed as a device for the 
study of organic coolants in a pressure- 
tube system. It is being used to test 
fuel elements and cladding for the 
Heavy Water Organic Cooled Reactor 
(HWOCR), being developed in the 
United States. A somewhat similar 
concept is the ESSOR reactor of the 
Organique Eau Lourde (ORGEL) 
project of the six-nation EURATOM 
organization. In France, the EL-4 reac- 
tor employs carbon dioxide gas as the 
coolant, but a study of an analogous 
system in the United States showed 
that it would be less economical than 
either pressurized (ordinary) water or 
boiling water reactors. A novel ap- 
proach is being taken in the Steam 
Generating Heavy Water Reactor 
(SGHWR) at Winfrith Heath, Dorset, 
England. Ordinary water, as the cool- 
ant, boils in the pressure tubes and 
produces steam directly. The reactor 
is thus an unusual combination of a 
boiling water reactor moderated by 
heavy water.* 


ORGANIC-MODERATED POWER 
REACTORS 


15.103. The special advantages of an 
organic hydrocarbon of high boiling 


* A boiling water reactor in which the heavy water coolant-moderator boils and produces 
"heavy steam" has been constructed at Halden, Norway. It is the only one of its kind in 


existence. 
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point as a reactor moderator (§ 15.27) 
and coolant (§ 15.32) were realized as 
early as 1944. The first reactor with an 
organic liquid, a mixture of di- and 
ter-phenyls, as the moderator-coolant, 
the Organic Moderated Reactor Exper- 
. iment (OMRE), was completed in 1957 
at the National Reactor Testing Sta- 
tion, Arco, Idaho. The liquid has a 
normal boiling point at atmospheric 
pressure of about 340°C (644°F) and 
at the operating pressure of some 200 
pounds per square inch it boils at over 
370°C (698?F). Because the thermal 
decomposition. of the organic com- 
pounds becomes more than can be 
tolerated, the temperature is limited 
to a maximum of 325°C (617°F). In 
order to remove impurities, resulting 
from decomposition by heat and radia- 
tion in the reactor, quantities of the 
organic liquid are continuously with- 
drawn and purified by distillation. 
15.104, The experience gained with 
the OMRE was utilized in the design 
of a small power plant, called the 
Piqua Nuclear Power Facility (PNPF), 
at Piqua, Ohio, The fuel in the PNPF 
reactor is an alloy of uranium (1.94 
percent uranium-235) with 3.5 percent 
molybdenum, plus a small amount of 
aluminum, clad with aluminum fabri- 
cated by powder metallurgy tech- 
niques. Zirconium and its alloys can- 
not be used because they become em- 
brittled in the hot organic liquid, and 
stainless steel is not satisfactory be- 
eause it does not conduct heat very 
well. Since the organie moderator- 
coolant is itself a poor thermal con- 
ductor, it is essential that the fuel- 
element cladding be a good conductor, 
The coolant is a mixture of the three 
terphenyls (CısHu) at a pressure of 
120 pounds per square inch. It leaves 
the reactor at a temperature of 302°C 
(576°F) and'enters the heat exchanger; 
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here superheated steam is produced at 
288°C (550°F) and a pressure of 440 
pounds per square inch. The electrical 
output of the PNPF is 11.4 megawatts; 
this provides a substantial portion of 
the power requirements of the town 
of Piqua. 


Gas-CooLep PowER REACTORS 


15.105. It was mentioned in § 15.35 
that in the first designs of the Han- 
ford Works plutonium production re- 
actors helium was specified as the 
coolant, although. water was subse- 
quently adopted. Furthermore, several 
of the early experimental reactors in 
the United States were cooled with 
forced air, although the power levels 
were low compared with those of a 
central-station electric plant. For var- 
ious reasons, however, the develop- 
ment of gas-cooled power reactors in 
the United States was not pursued 
until about 1957. In the meantime, 
air was employed as the coolant in the 
graphite-moderated production reac- 
tors at Windscale in the United King- 
dom, partly because of the lack of a 
suitable water supply and partly be- 
cause of the greater safety of air from 
the nuclear standpoint. 

15.106. Because of the successful 
operation of the Windscale reactors, a 
natural evolution was the development 
of the dual-purpose reactors which 
were cooled by carbon dioxide gas 
(8 15.74). These served as the basis for 
a series of graphite-moderated power 
reactors, with this gas as coolant and 
natural uranium as the fuel, that have 
been constructed at various locations 
in England and Wales. There are also 
similar power reactors in France and 
other countries. The sectional drawing 
in Fig. 15.6, which is of one of the two 
similar reactors at Hinkley Point, Som- 
erset, is typical of these nuclear power 
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systems in the United Kingdom. The 
fuel is natural uranium metal clad 
with a thin layer of Magnox (§ 15.17), 
arranged in vertical columns within 
the graphite moderator, The carbon 
dioxide gas, at a pressure of about 150 
to nearly 400 pounds per square inch 
in the later designs, is pumped through 
the reactor, leaving at a temperature 
around 400°C (752°F). In the heat ex- 
changers, superheated steam is gen- 
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the Advanced Gas-Cooled Reactor 
(AGR) which started operation in 
1962. The new reactors utilize uranium 
dioxide of about 1.2 percent enrich- 
ment as fuel clad in stainless steel. 
This fuel will permit a much higher 
burnup than metallic uranium which is 
more subject to damage by radiation. 
The moderator is graphite and the 
coolant carbon dioxide as in the earlier 
reactors. The stainless steel cladding, 
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Fig. 15.6. Sectional drawing of aeon HR system at Hinkley Point, Somerset, 
and. 


erated at temperatures in the approxi- 
mate range of 320° to 390°C (608° to 
734°F). Most of the larger plants pro- 
duce about 300 megawatts of elec- 
tricity from each of two reactors with 
a thermal efficiency of about 30 per- 
cent. The Wylfa reactors to be com- 
pleted in 1969 are designed for an 
output of nearly 600 megawatts of 
electricity per reactor. 

15.107. The next stage in the devel- 
opment of nuclear power reactors in 
the United Kingdom is to be based on 


however, permits the attainment of 
higher gas temperatures, e.g., about 
510°C (950°F) exit temperature, with 
the resulting better thermal efficiency 
for power production. On the other 
hand, the chemical interaction between 
the carbon dioxide coolant and the 
graphite moderator could become sig- 
nificant at the higher temperatures; 
consequently, the reaction is inhibited 
by the addition of methane to the cool- 
ant gas (§ 15.34). The design specifica- 
tions of the Dungeness B reactors call 
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for a steam temperature of 565°C 
(1049°F) and a power of 660 mega- 
watts of electricity for each reactor; 
the expected thermal efficiency is over 
40 percent. 

15.108. The revival of in t in 
gas-cooled power reactors in the United 
States was mainly the result of two 
considerations: first, the development 
of enriched uranium dioxide as the fuel 
material, thus permitting a higher de- 
gree of burnup, higher temperatures, 
and reactors of smaller size than could 
be realized with normal uranium 
metal; second, the availability of he- 
lium gas, which is chemically inert, 
made possible the attainment of very 
high temperatures without the danger 
of reaction with the graphite moder- 
ator. The latter is commonly used in 
high-temperature gas reactors because 
of its good mechanical properties under 
the existing conditions (§ 15,26). 

15.109. A special feature of the 
High Temperature Gas-Cooled Reac- 
tor (HTGR), completed in 1966, for 
the demonstration power plant at 
Peach Bottom, ‘Pennsylvania, is the 
design of the fuel elements. The fuel 
material is a mixture of particles of 
highly enriched (over 90 percent ura- 
nium-235) uranium dicarbide (UC) 
and thorium dicarbide (ThC:), in a 
ratio of roughly one to ten, dispersed 
in a matrix of graphite, The fuel par- 
ticles are coated with a layer of a spe- 
cial (pyrolytic) carbon to minimize the 
escape of fission products. The fuel 
mixture is formed into short hollow 
cylinders which are fitted onto a long 
graphite rod, and the resulting assem- 
bly is enclosed in a cladding sleeve of 
high-density (impervious) graphite, 
Although most of the fission products 
are retained by the fuel particles, some 
of the gases, including iodine, krypton, 
and xenon, tend to escape. These are 
continuously removed by a "purge" 
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stream of helium which flows along 
internal grooves between the fuel eyl- 
inders and the surrounding graphite 
cladding sleeve. The main helium cool- 
ant at a pressure of 350 pounds per 
square inch flows around the outside 
of these sleeves. 

15.110. The helium gas leaves the 
HTGR core at a temperature of 750°C 
(1382°F) and produces superheated 
Steam at 538°C (1000°F) and 1450 
pounds per square inch pressure. The 
steam conditions thus approach those — 
in modern power plants using conven- ^ 
tional (coal or oil) fuels, The electrical 
power output of the HTGR plant is 
40 megawatts at a thermal efficiency 
of about 35 percent. A central-station 
power plant, based on the HTGR de- 
sign, with an electrical capacity of 330 
megawatts, is to be built at Platteville, 
Colorado. By using superheaters that 
can operate at higher pressures, the 
thermal efficiency may be increased to 
40 percent. 

15.111. The Dragon reactor experi- 
ment, which commenced operation in 
1964, at Winfrith Heath (§ 15.102), is 
a project of the European Nuclear : 
Energy Agency; the objective is to 
provide information for the design of 
a central-station power plant. The 
general design of the reactor and oper- 
ating temperature conditions are sim- 
ilar to those of the HTGR, but the 
fuel elements are different. The core 
is divided into two regions, namely, @ 
central zone surrounded by an annular 
zone. In the central zone of the first - 
loading the fuel material was a mixture 
of uranium (enriched) diearbide and 
thorium dicarbide particles coated 
with pyrolytic carbon. The fuel par- 
ticles are mixed with graphite powder 
and pressed into cylindrical compacts 
which are inserted into sleeves of im- 
pervious graphite. The Dragon reactor 
system produces steam of the same 
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quality as the HTGR, but no elec- 
tricity is generated. The thermal power 
is 20 megawatts, compared with 115 
megawatts of the HTGR. 

15.112. Two other reactors, with 
graphite moderator and helium as cool- 
ant, are worthy of mention because of 
their special features. In the Pebble- 
Bed reactor, at Jülich in Germany, in 
which the U. S. Atomie Energy Com- 
mission is participating, the fuel is 
slightly enriched uranium dicarbide (or 
a mixture with thorium dicarbide) 
particles dispersed in graphite, formed 
into spheres. These are inserted into 
balls (or “‘pebbles”), a little over 2 
inches in diameter, of impervious 
graphite. The coolant is helium gas. 
The expected advantages of the peb- 
ble-bed concept arise from the use of 
simple, mobile fuel elements that can 
be easily charged into or discharged 
from the reactor, and from the large 
area of the pebbles for heat transfer 
to the coolant. The temperature of the 
helium gas leaving the reactor may be 
as high as 815°C (1499°F). 

15.113. The Ultra-High Tempera- 
ture Reactor Experiment (UHTREX) 
at Los Alamos Scientific Laboratory 
is neither a power reactor nor a proto- 
iype in a strict sense, although it has 
several characteristics of such a reac- 
tor. It is intended to test the feasibility 
of producing very hot gas in a reactor 
with unelad fuel elements; another fea- 
ture is the capability of discharging 
the spent fuel and adding fresh fuel 
while the reactor is operating at full 
power. The fuel elements are made 
from small particles of enriched ura- 
nium dicarbide, coated with imper- 
vious pyrolytic carbon, in a matrix of 
graphite. They are in the form of un- 
clad, hollow cylinders which are placed 
in horizontal rows in a series of radial 
holes in a cylinder of graphite (mod- 
erator) blocks, The core can be rotated 
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about its central axis and aligned with 
a reloading machine; a ram pushes a 
new fuel element into each of the 13 
channels in a vertical row. At the same 
time, spent elements at the other end 
of the channels fall out into a central 
hole from which they are removed, 
The helium coolant, at a pressure of 
500 pounds per square inch, flows up 
through the center of the core and 
then outward in 24 radial directions 
along the fuel channels in the graphite. 
The design temperature of the exit gas 
at the periphery of the core is 1315°C 
(2399°F). The small quantities of fis- 
sion product gases that escape into the 
helium coolant from the unclad fuel 
elements are continuously removed in 
a purification system. 

15.114. Beryllium oxide is a good 
moderator, better than graphite, and 
a refractory material that can with- 
stand very high temperatures. The use 
of this moderator in a gas-cooled power 
reactor was proposed in 1944 by 
F. Daniels and his associates in the 
United States, but tests revealed a 
number of problems. The heat con- 
ductivity of beryllium oxide was found 
to decrease as a result of exposure to 
radiation and it vaporized in a moist 
atmosphere. About 1958, with im- 
provements in fabrication, interest was 
revived in this substance as moderator, 
specifically for a maritime gas-cooled 
reactor to operate at high temperature. 
A land-based prototype, called the 
Experimental Beryllium Oxide Reactor 
(EBOR), was constructed, but the 
work was terminated in 1966, largely 
because graphite had proved to be 
such a satisfactory moderator and 
structural material for use at high 
temperatures. Furthermore, the cost 
of fabricating and canning the beryl- 
lium oxide is a significant disadvantage 
in power reactors based on this mod- 
erator. 
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15.115. The excellent heat-transfer 
properties and the high boiling point 
of liquid sodium make it an excellent 
coolant for a high-temperature reactor. 
Studies were commenced in 1949 of a 
thermal reactor, with graphite as mod- 
erator and sodium as coolant, which 
could use either natural or slightly en- 
riched uranium as the fuel. This work 
led to the development of the Sodium 
Reactor Experiment (SRE) which at- 
tained criticality early in 1957 and 
produced electric power in July of that 
year. The SRE formed the basis for 
the design of the Hallam Nuclear 
Power Facility (HNPF) in Nebraska, 
completed in 1962. 

15.116. The core of the HNPF reac- 
tor was composed of long hexagonal 
graphite moderator “logs” canned in 
stainless steel; each log had channels 
near the corners for the thin cylindrical 
fuel elements. In the first core, the 
fuel was an alloy of uranium (3.6 per- 
cent uranium-235) with 10 percent of 
molybdenum jacketed in stainless 
steel. It was planned to use uranium 
monocarbide as the fuel in the second 
core loading. The moderator cans (and 
fuel elements) were immersed in a tank 
through which liquid sodium was cir- 
culated at essentially normal atmos- 
pherie pressure, There was thus no 
need for pressurization although air 
was rigorously excluded because the 
oxygen reacts violently with hot so- 
dium. The temperature of the sodium 
leaving the HNPF reactor was 507°C 
(945°F) and the steam was generated 
at a temperature of 446°C (835°F) and 
a pressure of 850 pounds per square 
inch. The design power of the HNPF 
was 76 megawatts of electricity at a 
thermal efficiency of over 31 percent. 

15.117. As with all reactors using 
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sodium as coolant, two heat exchangers 
were required because of the radio- 
activity of the sodium leaving the 
reactor (§ 15.31). In the first (inter- 
mediate) heat exchanger, heat was 
transferred from the radioactive so- 
dium coming from the reactor to non- 
radioactive sodium. Superheated steam 
was then produced from this hot so- 
dium in a second heat exchanger. The 
intermediate heat exchanger must have 
a radiation shield for the safety of 
operating personnel. 

15.118. After operating at full de- 
sign power for nearly two years, it was 
found that several of the stainless steel 
moderator cans had cracked and al- 
lowed sodium to leak into them. The 
cracking was caused by rupture of the 
steel due to the extended operation at 
high temperatures. The decision was 
consequently made in August 1965 to 
close down and later to dismantle the 
reactor. Although there is no doubt of 
the soundness of the sodium-graphite 
reactor concept from the uuclear 
standpoint, there are clearly mecha- 
nical problems to be solved before it 
can make a significant contribution to 
the production of electric power. 


Liquin-FugnL Power REACTORS 


15.119. Some attempts have been 
made to exploit the potential advan- 
tages of power reactors using a liquid 
fuel that can be circulated between the 
core and the heat exchanger (§ 15.21). 
The Homogeneous Reactor Experi- 
ment (HRE-I) at Oak Ridge National 
Laboratory was built to test the feasi- 
bility of maintaining a fission chain in 
a circulating aqueous fuel solution at 
high temperatures and pressures. The 
reactor attained criticality in April 
1952 and in February 1953 about 
150 kilowatts of electricity were pro- 
duced through its associated heat ex- 
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changer and turbo-generator system. 
The HRE-I operated successfully at 
heat powers up to 1.6 megawatts until 
December 1954 when it was dismantled 
to make room for a larger scale (5 
megawatts) homogeneous reactor ex- 
periment known as the Homogeneous 
Reactor Test (HRT) or HRE-II, 
which was completed in 1957. 

15.120. Both HRE-I and HRE-II 
were two-region reactors. In the HRE-I 
the inner vessel (or core) contained a 
solution of highly enriched uranyl sul- 
fate in ordinary water, but in the 
HRE-II a dilute solution of this salt 
in heavy water was used, thus provid- 
ing better neutron economy. In both 
reactors the outer (reflector) or blan- 
ket region contained heavy water. 
It was hoped that the HRE-II would 
be able to demonstrate thermal breed- 
ing of uranium-233 from thorium-232 
(8 15.50) by having a slurry of thorium 
dioxide in heavy water in the blanket 
to capture neutrons esesping from the 
core. But this aspect of the experiment 
was not attempted. After about four 
years of intermittent operation, the 
decision was made to terminate the 
homogeneous reactor experiment be- 
cause of serious corrosion problems. 

15.121. The HRE tests proved that 
reactors with circulating aqueous 
fuel solutions were capable of stable 
operation. Moreover, control was ex- 
ceptionally simple; in fact, the HRE-II 
had no control-rod mechanism. Crit- 
icality was attained by increasing the 
uranium concentration in the fuel solu- 
tion and shutdown by diluting it with 
heavy water. Changes in power level 
of the reactor during operation were 
realized by altering the demand. When 
the load at the turbo-generator was 
increased, the fuel solution returned 
to the reactor at a lower temperature, 
This caused an increase in the effective 
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multiplication factor (negative tem- 
perature coefficient) and consequently 
the power level rose to balance the 
heat removal. Similarly, a decrease in 
the heat demand caused the tempera- 
ture of the solution in the core to in- 
crease and this was accompanied by a 
drop in the power output. 

15.122. Another approach to the de- 
sign of reactors with circulating fuel 
solutions was made in the Los Alamos 
Power Reactor Experiments (LAPRE- 
I and -II) begun in 1953. The fuel was 
enriched uranium trioxide (in LAPRE- 
I) and the dioxide (in LAPRE-II) dis- 
solved in concentrated aqueous phos- 
phoric acid. With these fuel solutions 
temperatures of over 425°C (797°F) 
were possible whereas in the HRE the 
maximum temperature, due to the 
properties of the solutions used, was 
250°C (482°F). The design of LAPRE-I 
featured a forced fuel circulating sys- 
tem and steam generator (heat ex- 
changer) all within the reactor pressure 
vessel. The LAPRE-II also had a self- 
contained steam generator, but cooling 
was by natural convection to avoid the 
use of moving parts. It was thought 
that a compact system of this kind, 
with a thermal power of about 1 mega- 
watt, could operate without attention 
in a remote location, Tests demon- 
strated the unusual stability of the 
LAPRE systems, but the solutions 
were so corrosive as to force conclusion 
of the work in 1960. 

15.123. A completely different type 
of liquid-fuel system is under investiga- 
tion in the Molten-Salt Reactor Ex- 
periment (MSRE) at the Oak Ridge 
National Laboratory. This concept 
evolved from work on a prototype 
reactor, now abandoned, for aircraft 
propulsion; the basic idea was that, 
with a molten-salt fuel, very high tem- 
peratures could be attained at pres- 
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sures around atmospheric. In the 
MSRE the fuel consists of about 1 
percent each of enriched uranium 
tetrafluoride and thorium tetrafluoride 
dissolved in a mixture of lithium-7 
fluoride,* beryllium fluoride, and zir- 
conium tetrafluoride. The neutrons are 
moderated partly by the nuclei of low 
mass number in the fuel medium and 
also by a graphite structure in which 
there are channels for carrying the 
molten fuel mixture, The containing 
material for the fuel is a nickel-based 
alloy. The circulating fuel, which is 
strongly radioactive, leaves the reactor 
at about 663°C (1225°F) and enters an 
intermediate heat exchanger where 
heat is transferred to a mixture of 
(normal) lithium and beryllium fluo- 
Tides. The thermal power of the MSRE 
is 10 megawatts, 


Intermepiate Power REACTORS 


15.124. Only one reactor system has 
been completed in which neutrons of 
intermediate energy cause most of the 
fissions; this is the Submarine Inter- 
mediate Reactor (SIR), designed for 
propulsion rather than for power pro- 
duction. A prototype was first con- 
structed at the Knolls Atomic Power 
Laboratory, Schenectady, New York, 
and a similar one was installed in the 
submarine U.S.S. Seawolf. These reac- 
tors had beryllium as the (partial) 
moderator and they were cooled with 
liquid sodium. Both reactors operated 
successfully for some time, but me- 
chanical difficulties experienced in the 
steam superheater portion of the ex- 
changer led to the replacement of the 
intermediate reactor in U.S.S. Seawolf 
by a pressurized water reactor which 
has no associated Superheater. 
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15.125. The interest in fast reactors 
for commercial power production lies 
in the prospect that they can serve as 
breeders (or pseudo-breeders). Such re- 
actors could not only produce useful 
power but also regenerate more fissile 
material than is consumed (§ 15.48 et 
8eq.). Ultimately, if use is to be made 
of the relatively large amounts of fer- 
tile materials, ie., uranium-238 and 
thorium-232, that are available in na- 
ture, breeder reactors must assume a 
prominent role in the nuclear power 
program, So far, breeders have not 
received as much attention as thermal 
converter reactors, but this situation 
will have to change in the coming 
years. 

15.126. In reviewing the possible 
components of a fast reactor system 
consider, first, the fuel material. This 
must contain at least 20 to 25 percent 
of fissile material, either plutonium-239 
or uranium-235. Uranium-233 could be 
used, of course, if it were available. 
The remainder of the fuel should be 
largely fertile material, to permit 
breeding of fissile species to take place 
within the core, as well as in the sur- 
rounding blanket (§ 15.52). The fuel 
elements in the earliest fast reactors 
are metallic in nature, but oxide and 
carbide fuels are being developed for 
large power breeder reactors of the 
future. Such fuel elements will be able 
to operate at high temperatures and 
will be more resistant to damage by 
radiation. The presence of inert (but 
moderator) elements, namely, oxygen 
and carbon, will increase the size of the 
core; this is an advantage because fast- 
reactor cores, if they contain no mod- 


re * Lithium-7 is used because lithium-6, present in normal lithium, has a large cross section 
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erator, tend to be small with associated 
problems of heat removal. On the other 
hand more fissile material is required 
to attain criticality; moreover, the 
moderating action of the extraneous 
light elements will slow down the neu- 
trons to some extent and the breeding 
ratio will consequently be decreased. 
The decision to use carbide and oxide 
fuels in fast reactors is based on the 
opinion that the advantages will out- 
weigh the drawbacks. 

15.127. The small size of the cores 
of fast reactors using a metallic fuel 
makes it essential that the coolant 
have excellent heat-removal properties. 
Furthermore, the mass number of the 
element (or elements) of which the 
coolant is composed should not be too 
low, so that the fast neutrons are not 
slowed down significantly. For these 
reasons, sodium is currently the pre- 
ferred coolant for fast reactors. An 
alloy of sodium and potassium was 
favored at one time, mainly because it 
remains liquid at ordinary tempera- 
tures whereas sodium solidifies below 
98°C (208°F). But the alloy has inferior 
properties as a'coolant and its use is no 
longer recommended. In the large fast 
reactors mentioned above, sodium 
might not be the most convenient cool- 
ant, in spite of its excellent properties. 
Consideration has been given to cool- 
ing such reactors with helium or, bet- 
ter, carbon dioxide because of the 
larger mass numbers, or even with 
steam. There would inevitably be some 
slowing down of the neutrons and a 
consequent decrease in the breeding 
ratio. 

15.128. In a fast reactor the breed- 
ing blanket of uranium-238 serves ef- 
fectively as the reflector. The choice of 


* Although the sodium-potassium alloy is not as good 
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constructional materials is less limited 
than it is for a thermal reactor. The 
reason is that, because of the large 
(critical) mass of the fissile species in a 
fast reactor, the total cross section of 
other materials is generally small in 
comparison. The reactor is thus also 
less susceptible to poisoning by fission 
products, e.g., xenon-135 in particular. 
The capture cross section for fast neu- 
trons is, of course, very much less than 
the exceptionally high value for slow 
neutrons (§ 15.78). 

15.129. The first fast reactor to be 
constructed was the Clementine device 
mentioned in §15.70, but this was 
purely a research tool. As the basis for 
a fast power reactor, however, the Ex- 
perimental Breeder Reactor (EBR-I), 
designed by the Argonne National 
Laboratory, was the first. It was com- 
pleted at Arco, Idaho, in August 1951 
and produced over 100 watts of elec- 
trical power on December 20th of that 
year. The date is of historical signifi- 
cance as it marked the first production 
of electricity using the energy of nu- 
clear fission, The original core of EBR-I 
consisted of a number of fuel rods of 
highly enriched uranium-235 clad in 
stainless steel; a blanket of natural 
uranium surrounded the core, and 
control was achieved by moving sec- 
tions of the blanket. Sodium-potassium ' 
alloy was the coolant and the thermal 
power was 1.4 megawatts.* After oper- 
ating for some time, the efficiency for 
regeneration of fissile material in 
EBR-I was found to be just over 100 
percent. Since the conditions were far 
from ideal, it was concluded that 
breeding would indeed be possible. 

15.130. The fissile species in the first 
three cores of the EBR-I was uranium- 


a coolant as sodium, it was used 


because it has a lower melting point and was therefore less likely to solidify if the temperature 


dropped. 
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235, so that the reactor was actually a 
pseudo-breeder, In the fourth core, 
which became critical in November 
1962, the fuel elements consisted of an 
alloy of plutonium-239 with 1.5 per- 
cent of aluminum clad with zirconium, 
With this core, a true breeding gain 
of plutonium-239 was established. 
After some 12 years of successful oper- 
ation, EBR-I was finally closed down. 

15.131. The second Experimental 
Breeder Reactor (EBR-II), which 
commenced operation in 1964, was de- 
signed to demonstrate efficient breed- 
ing, high thermal efficiency (32 per- 
cent), and the use of prototype compo- 
nents suitable for a central-station 
power plant. In accordance with these 
aims, sodium was chosen as the coolant 
rather than the sodium-potassium 
alloy used in the EBR-I. Two of the 
unusual aspects of the EBR-II are the 
following. First, all the radioactive 
components, including the reactor, i.e., 
core and blanket, coolant circulating 
pump, and the intermediate (sodium to 
sodium) heat exchanger are immersed 
in a tank of liquid sodium at atmos- 
pherie. pressure. Among other things, 
the pool of sodium prevents sudden 
temperature changes in the reactor 
System. It is also a safety feature; loss 
of coolant from the core, which is a 
possible hazard in all reactors, cannot 
occur unless the tank develops a serious 
leak. The second special aspect of 
EBR-II is that the plant includes a 
complete fuel processing and fabrica- 
tion facility; the objective is to deter- 
mine the technical feasibility of inte- 
grating the treatment of spent fuel 
elements and the fabrication of new 
elements with the operation of the 
fast reactor ($ 15.199). 

15.132. The fuel in the first core of 
the EBR-II contained/49 percent ura- 
nium-235, 46 percent of uranium-238, 
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and 5 percent of a mixture called 
"fissium" that simulates the fission 
products that will remain in the fuel 
after the processing treatment men- 
tioned above (ef. § 15.199). Later cores 
will have fuel containing plutoniume 
239 in place of uranium-235. Each fuel 
rod has attached to it, above and below 
the fuel section, uranium-238 to serve 
as upper and lower breeding blanket 
(and reflector). In addition, there is @ 
blanket around the circumference of 
the core. All fuel and blanket elements 
are jacketed with stainless steel. Con- 


ant is pumped through both the core 
and the blanket, where a significant 
amount of heat is generated, and then? 
through the intermediate heat ex- 
changer. In the second heat, exchanger 
(sodium to water), superheated steam 
is produced at a temperature of 455°C 
(851°F) and a pressure of 1250 pounds 
per square inch. The design power of] 
the EBR-II installation is 20 mega- 
watts of electricity. i 

15.133. Another fast reactor instal- 
lation in the United States, intended! 
for the production of moderate amounts: 
of electric power, is the Enrico Fermi: 
Atomic Power Plant, near Monroe; 
Michigan. The design of the reactor 
was based on that of the EBR-I and 
-II, with some modifications. The core 
consists of a number of subassemblies 
of thin rods of an alloy of uranium (287 
percent uranium-235) and molybde- 
num clad in zirconium. The blanket—_ 
above, below, and around the core—? 
is in the form of rods of a normal 
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blanket are 80 inches and 70 inches, 
respectively. Sodium is the coolant and 
the reactor, but not the intermediate 
heat exchanger, is immersed in a pool 
of sodium as in the EBR-II. The so- 
dium leaves the reactor at 427°C 
(801°F) and produces superheated 
steam in the second heat exchanger at 
393°C (739°F) and 600 pounds per 
square inch. The original design power 
of the Fermi reactor was nearly 300 
megawatts of heat, but it is doubtful 
if it will operate above 200 megawatts 
for several years, if at all. Until May 
1968, the thermal power level is limited 
to 110 megawatts and, with an ex- 
pected efficiency of 35 percent, this will 
give 38.5 megawatts of electric power. 
Because of its high flux of fast neu- 
trons, the reactor is being used to test 
fuel elements for fast reactors. 
15.134. The control of the Enrico 
Fermi Plant fast reactor is somewhat 
unusual since a neutron poison, namely 
boron carbide, is used for both control 
and safety rods. This method of con- 
trol is less economical of neutrons than 
moving core or reflector elements, but 
it was selected chiefly because the me- 
chanical design was less complicated. 
15.135. Experimental fast breeder 
reactors have also been constructed in 
the United Kingdom, at Dounreay, 
Scotland, in the U.S.S.R., and in 
France, at Cadarache, Like the EBR-I, 
the Dounreay Fast Reactor (DFR), 
completed in 1961, uses sodium-potas- 
sium alloy as the coolant; it has a 
thermal power of 60 megawatts and an 
electrical output of about 14 mega- 
watts. Although control in this reactor 
is normally achieved by moving some 
of the fuel elements, boron rods are 
used for emergency shutdown. A spe- 
cial feature of the DFR is that the fuel 
elements are hollow rods, to provide 
increased heat-transfer surface, clad 
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with niobium. In the original core, the 
fuel was an alloy of enriched uranium 
with chromium, but subsequently a 
molybdenum alloy was used. The ex- 
perience gained with the DFR has 
been utilized in the design of a Proto- 
type Fast Reactor (PFR) on which 
construction was started at Dounreay 
in 1966. It will use a mixture of plu- 
tonium and uranium dioxides as fuel, 
in the form of long rods. The coolant, 
is to be sodium and the electrical power 
output about 250 megawatts with a 
thermal efficiency exceeding 40 per- 
cent. To obtain information concern- 
ing the operating characteristics of a 
sodium-cooled, fast reactor with oxide 
fuels, the Southwest Experimental 
Fast Oxide Reactor (SEFOR) is being 
constructed near Fayetteville, Arkan- 
sas, as a joint project involving several 
public and private organizations in the 
United States and Europe. 

15.136. The French fast reactor, 
RAPSODIE, is cooled. with sodium 
and has an ultimate design power of 
20 megawatts of heat. In addition to 
developing basie information for fast 
reactor design, it is to be used for 
testing various fuel materials, includ- 
ing a mixture of uranium and plu- 
tonium dioxides and of their carbides. 
The BR-5 fast reactor, which started 
operation in the U.S.S.R in 1959, is of 
interest in the respect that it uses 
plutonium dioxide, clad in stainless 
steel, as the fuel. The primary coolant 
is sodium and heat is transferred in the 
intermediate heat exchanger to so- 
dium-potassium alloy. The latter is 
then used to generate steam in another 
heat exchanger (or boiler). 

15.137. It seems unlikely that fast 
reactors operating at high tempera- 
tures will use plutonium metal as the 
fuel, except perhaps as an alloy with a 
metal of high melting point. One rea- 


son is that there are six different mod- 
ifications (or solid phases) of plutonium 
between normal temperature and its 
melting point at 640°C (1184°F).* The 
change from one form to another, as 
the temperature is increased or de- 
creased, is accompanied by a change 
in density (§ 16.42). A fuel element 
made of plutonium metal would thus 
be dimensionally unstable and unsuit- 
able for use in a reactor operating at 
high power. In addition to the use of 
plutonium oxide and carbide, as men- 
tioned earlier, other compounds are 
under consideration as fuel materials. 
From the long-range standpoint, re- 
fractory plutonium phosphide and sul- 
fide are of interest. Since phosphorus 
and sulfur are not good neutron mod- 
erators, the breeding ratio should be 
higher than for oxide or carbide fuels 
(cf. § 15.126). 

15.138. Another possible fuel ma- 
terial for fast breeder reactors is an 
alloy of plutonium which is liquid at 

the operating temperature of the re- 
` actor. The purpose of the Los Alamos 
Molten Plutonium Reactor Experi- 
ment (LAMPRE) was to develop such 
a fuel. In the first reactor of this type, 
completed in 1961, the fuel was an 
alloy of plutonium with 2.4 percent 
by weight of iron, having a melting 
point of 411°C (772°F), The fuel alloy 
was contained in tantalum capsules 
suspended in a vessel through which 
the sodium coolant was circulated, The 
exit temperature was about 540°C 
(1004°F) and the design power was 
1 megawatt of heat. In 1965, after 
many hoursof operation, the LAMPRE 
was terminated largely because the hot 
molten fuel had a tendency to pene- 
trate the tantalum capsules. Subse- 


* Uranium metal exists in three modifications, 
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quent work showed that an alloy of 
plutonium, cerium, and cobalt was less 
corrosive and a reactor utilizing this 
fuel was designed. The investigation 
was suspended in 1966 to permit avail- 
able funds to be utilized for the de- ` 
velopment of other fast-reactor con- 
cepts of more immediate interest. 


Economics or NUCLEAR Power: 
Fusu Resources 


15.139. In reviewing the economics 
of nuclear power, there are two main 
questions to be considered. First, are 1 
there adequate supplies of potential 
fuel material ie., uranium and tho- 
rium, to satisfy the probable require- 
ments for power? Second, will the cost; 
per unit of electricity, e.g., per kilo- 
watt-hour, be comparable with that 
from conventional power sources? For- 
tunately, both of these questions can 
be answered in the affirmative, as will 
now be shown. According to estimates 
made by geologists, uranium is present i 
to the extent of four parts per million 
(4 grams per ton) of the earth’s crust, 
and the proportion of thorium is nearly 
three times as great. This would make 
these fertile materials as plentiful as 


zinc, lead, and tin, and more abundant 


than mercury, silver, and gold. But; 
this information, although correct, is 
misleading. The reason is that, whereas 
most of the familiar metals occur in 
relatively concentrated forms in well 
segregated ores, much of the uranium 
and thorium is so widely dispersed 
that significant, concentrations, in work- 
able deposits, are the exception rather — 
than the rule. 

15.140. Only two sources of rela- 
tively high-grade uranium ores are 
known;t} these are the deposits in the 


but the first change does not occur until 


Mm (1224°F), which is well above the operating temperatures of reactors using the metal 


as fuel. - . 
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Katanga province of the Congo and 
in Canada. The ore as mined contains 
from 1 to 4 percent of uranium, chiefly 
in the form of one of the minerals 
uraninite or pitchblende, which are ox- 
ides of variable composition ranging 
from UO; to U;Os. Uranium ‘ores of 
medium grade occur in many parts of 
the world, including the United States, 
Canada, and Australia. In the conti- 
nental United States, the principal 
deposits are those of the Colorado 
Plateau, an area which includes parts 
of Arizona, Colorado, New Mexico; 
and Utah. The majority of the ores 
mined in this region contain from 0.1 
to 0.5, with an average of about 0.25, 
percent of uranium. They are treated 
chemically to yield a “concentrate” 
containing 70 to 80 percent of the 
oxide U;Os. 

15.141. Low-grade sources, contain- 
ing less than 0.1 percent of uranium, 
are economie at the present time only 
if the uranium is a by-product of an- 
other process. Among the most im- 
portant of these are the South African 
(Rand) gold-ore residues, with about 
0.02 percent of uranium. The mining 
costs in this ease have already been 
assigned to the gold, só that economie 
recovery of the uranium is feasible. A 
similar, although less favorable, situa- 
tion exists in connection with the ex- 
tensive phosphate deposits in Florida 
and Idaho, which contain up to 0.01 
percent of uranium. The extraction of 
this element is then a by-product of 
the manufacture of phosphoric acid 
and of phosphate fertilizers. From the 
long-range viewpoint, recovery of ura- 
nium from the oil shales of Tennessee 
and the lignite beds in Wyoming is of 
some interest. Possible methods for 
extracting the nuclear fuel from these 
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materials at a reasonable cost are being 
studied. 

15.142. Although the total amount 
of thorium in the earth’s crust ex- 
ceeds that of uranium, the econom- 
ically recoverable quantities of the 
former are probably much less. The 
most extensive commercially useful 
sources of thorium are the monazite- 
bearing sands of Travancore, India. 
Considerable quantities of monazite 
are also found in the Blind River area 
of Ontario, Canada, and. in Brazil; 
lesser amounts occur in Australia, 
Madagascar, South Africa, and the 
United States. The monazite deposits 
generally contain from 1 to 5 percent 
of thorium dioxide and almost invari- 
ably some uranium, perhaps a thirtieth 
of the amount of thorium. 

15.143. Because of the highly vari- 
able nature of uranium and thorium 
deposits, both as regards composition 
and extent, and the lack of reliable 
information, estimates of the total re- 
serves of fissile and fertile materials 
cannot be too accurate. A further com- 
plication is that the reserves depend 
upon the concentration of uranium in 
the mineral that can be extracted eco- 
nomically. In other words, the quan- 
tity of uranium and thorium available 
is determined by the cost that can be 
paid for recovery from the ore. It has 
been estimated that, assuming a price 
of $50 per pound of U;O;,* and allow- 
ing for technological advances, the 
world’s reserves are 25 million tons 
of uranium and 1 million tons of tho- ` 
rium.T ' 

15.144. Since uranium-235, present 
to the extent of 0.7 percent in natural 
uranium, is the only fissile material 
in nature, the total reserves of this 
isotope would be roughly 175,000 


* The price paid for uranium in the United States in 1907 is at rate of $8 per pound of 
U:O: present in the ore "concentrate" (§ 15.140). ; 
1 Perhaps a fifth of this total may be found in the United States. 
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tons. This is equivalent in heat energy 
to 1.25 X 10! Btu. At the present rate 
of the world’s power consumption of 
about 1.2 X 107 Btu per annum, the 
uranium-235 supply. alone would last 
for about a century. But, if power were 
used in other parts of the world at the 
same rate as in the United States at 
the present time, the directly fissile 
_ material would supply the world’s 
needs for not more than about 20 
years. 

15.145. Since conversion of ura- 
nium-238 to plutonium-239 and of 
thorium-232 to uranium-233 is al- 
ready a reality in many power re- 
actors and breeding will undoubtedly 
play an important role in the future, 
allowance must be made for the avail- 
able fertile materials. If it is assumed 
that half of the latter can be utilized, 
the total heat energy that could be 
obtained from fission would exceed 
9 X 10? Btu. This is more than 70 
times as great as could be derived from 
the uranium-235 alone. For purposes 
of comparison, it may be notec that 
the heat content of the coal, oil, gas, 
and oil shale, recoverable at not more 
than twice the present cost, is esti- 
mated to be roughly 4 X 10? Btu. 
It is apparent, therefore, that nuclear 
fuels can make a substantial con- 
tribution to the world’s energy re- 
sources. 


NycrEAR Power Costs 


15.146. A precise comparison of the 
costs of electricity produced by a nu- 
clear power central station with that 
from a plant using conventional fuels 
is not possible for several reasons. For 
example, the costs of conventional 
fuels, such as coal, gas, and oil, vary 
. significantly in different areas, even 
within the United States. Since the 
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fuel in a conventional electrical ge 
erating station represents about half 
of the cost of the electricity produced, 
the price of the power will vary ac- 
cordingly. The fuel costs in a nucle 
power plant, on the other hand, 
essentially independent of the locatio 
of the plant. Consequently, nue 
power is more likely to be competitive 
with electrical power from conven= 
tional sources in regions where coal; 
gas, or oil is relatively expensive. This” 
is the case, for example, in the north? 
eastern part of the United States, 


stallation, per unit (kilowatt- hour) of 
electricity generated, is appreciably © 
higher in a nuclear than in a conven: 
tional power plant; the fixed charges, 
including interest on capital, which 
represent about 50 or 60 percent of the” 
cost of the power, are therefore larger. 
The cost of electricity from nucli 
energy is consequently more dependen 
on the existing interest rates. This is 
one reason why, at least in the early: 
stage of the development of nuclear 


actors were chosen i in the United. King! 
dom and France. The electrical capac- 


consideration in this respect. With 
increasing capacity, the costs, and es 
pecially the capital charges, of a nuc? 
clear , plant, per unit of electricity 
generated, decrease more sharply than. 
do those of conventional plants. Hence,” 
it would appear to be advantageous. 
from the economic standpoint to build” 
nuclear plants of large capacity; im 
other words, they would have to be 
reasonably close to areas where there. 
is a large demand for electrical: 
power. 
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15.148. In spite of the difficulty of 
making exact comparisons, there is a 
growing realization that large nuclear 
power plants constructed during the 
latter 1960s. will generate electricity 
at a cost that is not more than the cost 
from conventional plants. This will be 
true even in many areas of the United 
States, although conventional fuels in 
this country are generally cheaper than 
in many other parts of the world. It 
should be emphasized that this situa- 
tion will exist only for plants of large 
capacity, e.g., 400 or more megawatts 
of electricity. For plants of smaller 
size, conventional fuels will probably 
produce power more cheaply for many 
years to come. 

15.149. An indication of the eco- 
nomic prospects for nuclear energy is 
indicated by the estimate that, of the 
central station plants generating 400 
megawatts or more of electricity to be 
completed in the United States during 
the year 1970, about half will utilize 
nuclear power. In subsequent years, 
it is expected that the proportion will 
increase and by the end of the present, 
century nearly all large new plants 
for generating electricity in the United 
States will be based on the utilization 
of nuclear energy. Nevertheless, a sub- 
stantial portion of the electrical power 
generated in the year 2000 will still be 
from conventional fuels. 

15.150. In the United States, where 
conventional fuels are plentiful and 
relatively inexpensive, the incentive to 
develop nuclear power plants has been 
less than in other industrialized coun- 
tries, such as the United Kingdom. 
In 1966, for example, less than 1 per- 
cent of the electricity in the United 
States was derived from nuclear sources, 
whereas in the United Kingdom the 
corresponding proportion was over 7 
percent. In both countries the coniri- 
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bution of nuclear energy to the elec- 
trical generating capacity is expected 
to increase in the coming years. Ac- 
cording to estimates made in 1966, at 
least 20 percent of the electricity pro- 
duced in the United States in 1980 
will be from nuclear power plants, It 
is of interest to mention that this esti- 
mate is about two and a half times as 
large. as one made four years earlier. 
This is a clear indication of the grow- 
ing confidence in the economic future 
of nuclear power. 

15.151. Two factors aré chiefly re- 
sponsible for the optimistic outlook 
for nuclear power costs. First, experi- 
ence in the operation of nuclear plants 
during the first half of the 1960s has 
shown how installations of large capac- 
ity can be designed and constructed. 
Second, there is evidence that substan- 
tial savings will be achieved in fuel 
costs, partly due to a decrease in the 
fabrieation costs of fuel elements and 
partly as the result of the increase in 
burnup that will be possible before 
replacement is necessary. These latter 
two items are responsible for about a 
third of the total cost of nuclear power. 

15.152. It should be noted in con- 
clusion that the foregoing discussion 
has referred to the production of elec- 
trical power. At the present time, elec- 
tricity represents only about one fifth 
of the energy consumed in the United 
States. The rer:ainder is used for resi- 
dential and commercial heating, for 
heat in various manufacturing opera- 


_tions, for transportation, and for other 


purposes. It is probable that most of 
these energy requirements will best be 
met by conventional fuels for many 
decades. The development of nuclear 
power for generating electricity will 
thus help to conserve the resources of 
coal, gas, and oil for the purposes for 
which they are best suited. 
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REACTORS FOR SPECIAL PURPOSES 


NucLEAR SHIP PROPULSION | 


15.153. The use of nuclear power 
for the propulsion of submarines was 
mentioned in the preceding section for 
historical reasons ($ 15.83). Following 
the success of the U.S.S. Nautilus, 
water-moderated reactors were in- 
stalled in a large number of submarines 
in the U.S. Navy, and a similar mode 
of submarine propulsion was adopted 


200,000 nautical miles before the cores 
had to be replaced. Other naval ves- 
sels using nuclear power are the guided- 
missile cruiser the U.S.8. Long Beach 
and the destroyers U.S.S. Bainbridge 
and Truztun. 

15.154. The first surface ship to em- 
ploy nuclear propulsion is the Russian 
icebreaker, the Lenin, completed at 
the end of 1959. Because of the heavy 


Fic. 15.7. The N. 8. Savannah. (States Marine Lines) 


by the United Kingdom and the 
U.S.S.R. The presents discussion will 
refer, however, to the use of nuclear 
power for the propulsion of surface 
vessels. The most significant aspects of 
this form of propulsion are the small 
space occupied by the installation (in- 
cluding the fuel supply) and the ability’ 
to operate for long periods without 
refueling. These advantages apply 
equally to ships used for either mil- 
itary or civilian purposes. The largest 
vessel in the U. S. Navy is the aircraft 
carrier the U.S.S. Enterprise which is 
propelled by the power from eight nu- 
clear reactors. This ship sailed .some 


nature of their work, conventional ice- 
breakers use up large quantities of 
fuel, and this limits their operation to 
regions where supplies are available. 
With nuclear fuel, the range of the 
icebreaker is greatly increased. 

15.155. From the civilian maritime 
standpoint, the most interesting vessel 
is the N.S. (for Nuclear Ship) Savan- 
nah, the world’s first nuclear-powered 
merchant ship (Fig. 15.7). Construc- 
tion of the vessel was authorized by the 
U. S. Congress in 1956 and she was 
launched in 1959; sea trials commenced 
early in 1962. The power for propulsion 
is supplied by a pressurized water re- 
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actor with a rating of 80 megawatts of 
heat, delivering up to 22,000 horse- 
power at the propeller shaft. The dis- 
placement of the Savannah is 22,000 
tons when fully loaded; her capacity 
is 9300 tons of dry cargo and 60 passen- 
gers. The average cruising speed is 
about 21 knots, i.e., 24 (statute) miles 
per hour, with an estimated cruising 
range before refueling of 300,000 nau- 
tical (or 345,000 statute) miles. 
15.156. The Savannah, being the 
first ship of its kind, is not expected 
to be economically competitive with 
conventional cargo ships. The prime 
objectives are to secure general ac- 
ceptance of nuclear propulsion in com- 
mercial shipping, and to obtain ex- 
perience that will eventually lead to 
the construction of nuclear merchant 
ships which are cheaper to operate 
than vessels using conventional means 
of propulsion. The additional cargo 
space permitted by the compact nature 
of the fuel and steam-generating equip- 
ment should help in this connection. 
15.157. The fuel for the Savannah 
reactor is slightly enriched (4.4 percent 
uranium-235) uranium dioxide pellets 
jacketed in stainless steel. There are 
5248 fuel pins arranged in 32 subas- 
semblies (or elements) in the core, 
which is immersed in water in the 
pressure vessel (cf. Fig. 15.4), The op- 
erating pressure is 1750 pounds per 
square inch and the coolant water 
leaves at a temperature of about 274°C 
(525°F). The saturated steam gener- 
ated in the two heat exchangers (boil- 
ers) is at roughly 240°C (464°F) and 
485 pounds per square inch. Some 
266,000 pounds of steam are produced 
per hour; this goes to the turbines 
which drive the ship’s propellers. 
15.158. The pressure vessel, water 
pumps, boilers, steam drum, and pres- 
surizer are compactly arranged within 
a containment vessel 50 feet 6 inches 
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long and 35 feet in diameter. It is 
made of steel and can withstand a 
pressure of 185 pounds per square inch, 
which is sufficient to contain the steam 
produced in the event of a complete 
rupture of the reactor cooling system. 
To attenuate the neutrons and gamma 
rays to tolerable proportions, there are 
two sets of shields. The first, consisting 
of 33 inches of water and 3 inches of 
lead, surrounds the reactor within the 
containment vessel; the second, out- 
side the vessel, is a layer of concrete 
at the bottom and lead and polyethyl- 
ene at the top. The installation is lo- 
cated amidships in a compartment 
with steel bulkheads protected by steel 
plate and redwood planking to min- 
imize the danger of penetration in a 
collision, Every reasonable precaution 
has thus been taken to render the 
hazards negligible to passengers, crew, 
and other persons associated with the 
ship at sea or in dock. 

15.159. A number of countries with 
maritime traditions, such as the United 
Kingdom, Norway, Sweden, and Japan, 
have expressed interest in nuclear pro- 
pulsion for merchant ships. In West 
Germany, the keel of the ship Otto 
Hahn, named for the pioneer in nuclear 
studies ($$ 10.115, 13.3), was laid in 
September 1963 and operation is sched- 
uled to begin sometime in 1967. The 
reactor is of the pressurized water 
type, related to that in the Savannah. 

15.160. In looking to the future, sev- 
eral advanced concepts for nuclear pro- 
pulsion systems have been proposed. 
Some of the designs are based on pres- 
surized water reactors with ingenious 
modifieations that permit the entire 
steam-generating system, except for 
the coolant pumps, to be housed within 
the reactor pressure vessel Higher 
power (30,000 horsepower) than in the 
Savannah can then be attained in an 
installation about a third the size. 
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‘More unusual reactor types are the 


helium-cooled, beryllium oxide-moder- 


- ated reactor mentioned in § 15.114 and 


B 


an air-cooled system based on an ex- 
perimental design originally invented 
for aircraft propulsion. Coolant gas 
temperatures of about 650°C (1202°F) 
are predicted for the latter, thus mak- 
ing possible a high thermal efficiency 
for power production. The nuclear pow- 
ered ship of the future is expected to 
attain speeds of 30 knots, i.e., nearly 
35 (statute) miles per hour. The higher 
the speed, the greater is the annual 
transportation capability of the vessel 
and hence the more economical is its 
operation. 


NucLEAR Rocker PROPULSION 


15.161. The Rover Program, for the 
development of nuclear rocket engines, 
was initiated in the United States in 
1957. The main reason for the interest 
in nuclear propulsion for spacecraft is 
based on the following considerations. 
In general, the continuous ejection of 
a stream of hot gas (or gases) through 
a nozzle in a particular direction causes 
a steady motion of a rocket vehicle in 
the opposite direction. The material 
(or materials) from which the hot gas 
is generated is called the propellant. 
The efficiency of a rocket: engine in 
terms of obtaining the maximum force 
(or thrust) for a given rate of propel- 
lant consumption is represented by the 
specific impulse, Isp, defined by 


I 


The specific impulse is commonly ex- 
pressed in seconds; it is then equal to 
the time for which 1 pound mass of 
propellant will produce a thrust of 
1 pound force. Consequently, if a mis- 
sion for a. rocket vehicle is considered 
with reference to the necessary thrust 
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and the period during which it must 
operate, an engine of high specific im- 
pulse will require a smaller mass of 
propellant than one of low specific im- 
pulse. The decrease in propellant mass ` 
will then permit an increase in pay- 
load, if desired, or it can be utilized in 
other ways. 

15.162. The specific impulse can be - 
related (approximately) to the condi- ^ 
tions in the rocket engine by the rela- 
tionship 

I, = constant X AL : 
where T' is the absolute temperature, 
eg., on the Kelvin scale ($3.27 foot- 
note), of the gas before entering the 
rocket nozzle and M is its (average) 
molecular weight. There are thus two 
ways in which the specific impulse of a 
rocket can be increased, namely, by an 
inerease in the temperature and (or) à 
decrease in the molecular weight of the 
gas expelled. In conventional rocket. 
engines, the chemical reaction between 
the propellants, e.g., kerosene (or hy- 
drogen) and oxygen, determines both . 
the temperature and molecular weight 
of the exhaust gas; in other words, 
the two quantities that influence the 
specific impulse are inseparable. 

15.163. The special interest in nu- 
clear rockets arises from the fact that 
the temperature and molecular weight 
of the gas are independent. The heat 
required to raise the temperature of 


is Thrust produced in pounds (force $ 
Pounds (mass) of propellant consumed per second 


the gas is produced by nuclear fission 
in a reactor core and the propellant 
can then be chosen on the basis of its 
molecular weight. The propellant in 
nuclear rockets of current interest is 
hydrogen because its molecular weight — 
of 2.00 is the lowest among the stable 
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gases. The temperature attainable in a 
nuclear rocket is limited only by the 
strength of the structural materials. 
With solid-core nuclear rockets, such 
as are now being developed, the max- 
imum gas temperature is actually be- 
low that in chemical rockets. The rea- 

. son is that, in the latter, the heat is 
generated in the gas which is, conse- 
quently, much hotter than the walls 
of the rocket chamber. In the nuclear 
rocket, however, the heat is liberated 
within solid fuel elements, and at very 
high temperatures their mechanical in- 
tegrity is destroyed. In spite of the 
somewhat lower temperatures in a nu- 
clear rocket engine, the great decrease 
in molecular weight of the exhaust gas 
makes possible a marked increase in 
specific impulse. 

15.164. The most efficient conven- 
tional rocket engines utilize hydrogen 
(fuel) and oxygen (oxidizer) as pro- 
pellants; the exhaust gas temperature 
is about 3300°C (5970°F) and its aver- 
age molecular weight is less than 18. 
The specific impulse (at sea level) is 
then in the vicinity of 390 sec. In the 
first generation of nuclear rocket en- 
gines, the temperatures were around 
1950°C (3540°F), but the molecular 
weight of the exhaust gas was 2.0; the 
effective specific impulse was about 
750 sec, but higher values may be ex- 
pected in the future. Thus, by using a 
nuclear rocket engine, a given mission 
could be achieved with about half the 
mass of propellant than would be re- 
quired with a conventional rocket. For 
this and other reasons, it i$ the general 
opinion that, for long-range space mis- 
sions, such as the manned exploration 
of the planets, nuclear rocket propul- 
sion will be essential. 

15.165. The first stage in the Rover 
program was the construction and test- 
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ing, from 1959 through 1964, of the 
Kiwi series of experimental reactors 
by the Los Alamos Scientific Labora- 
tory.* The operating power was about 
1000 megawatts, equivalent to a thrust 


of about 50,000 pounds force. The next ' 


stage is the Phoebus reactor with a 
design heat power of 5000 megawatts, 
i.e., 250,000 pounds thrust. The actual 
development of a rocket engine for 
space flight utilizing this reactor is 
being performed by industrial organ- 
izations under the NERVA. (Nuclear 
Engine for Rocket Vehicle Applica- 
tion) program established in 1961. It 
is not intended, for the present at 
least, to build a reactor of higher power 
for rocket propulsion, but such higher 
powers (and thrusts) could be attained 
by clustering two, three, or more nu- 
clear engines, just as is done with con- 
ventional rocket engines. 


15.166. In the Kiwi, Phoebus, and . 


NRX (Nerva Reactor Experiment) re- 
actors, the fuel consists of small beads 
of enriched uranium dicarbide coated 
with pyrolytic carbon (cf. § 15.108), 
dispersed in a graphite moderator. 
Graphite was chosen as the main mod- 
erator and structural material for the 
reactor core because it retains its me- 
chanical strength at high temperature 
(§ 15.26). The core is surrounded by an 
inner reflector of graphite and an outer 
one of beryllium, enclosed in a pressure 
vessel. Control is achieved by means 
of long cylinders (or drums) of beryl- 
lium, with sectors containing boron-10 
to act as neutron absorber, located in 
the outer reflector and running along 
the length of the reactor (Fig. 15.8). 
The effective multiplication factor of 
the core is increased (or decreased) by 
rotating the control drums so that the 
boron-10 sectors face away from (or 
toward) the core, respectively. 


* The reactors were not intended for men rocket engines, and so they were named after 


the kiwi, the flightless bird of New 
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_ 15.167. The reactor coolant, which 
ultimately forms the hot gas that is 
exhausted through the nozzle, is stored 
in the form of liquid hydrogen. It is 
first pumped around the nozzle and 
the reactor vessel, to cool them, and 
then enters the reactor, probably as a 


LIQUID HYDROGEN 
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actor, at a temperature of from 1950? 
to perhaps 2500°C (3540° to 4530°F), 
is then expelled through the nozzle 
and produces thrust. 

15.168. As an alternative to graphite 
as the structural material in solid-core 
reactors for rocket engines, considera- 
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Fic. 15.8. Schematic representation of a nuclear-powered rocket engine. 


mixture of gas and liquid. The hydro- 
gen then passes through the coolant 
passages in the core; these passages 
are lined with niobium carbide which 
serves to protect the hot graphite from 
the corrosive and erosive action of hy- 
drogen flowing at a very high velocity, 
e.g., 285 pounds per sec in the Phoebus 
reactor. The hot gas leaving the re- 


tion is being given to the use of tung- 
sten. Work is being done in the United 
States on the development of fuel 
elements made from compacts of 
tungsten and uranium dioxide. The 
potential advantages of tungsten-based 
Systems are thought to be the ability 
io operate at high temperatures for 
long periods, and also the possibility 
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of designing rocket engines of light 
weight in the low-thrust, e.g., about 
' 10,000 pounds, range. 

15.169. Two design concepts, in par- 
ticular, are being studied; in both cases 
the coolant would be hydrogen as in 
the graphite reactors. One, at the Ar- 
gonne National Laboratory, is for a 
fast reactor. Although the amount of 
fissile material required would be 
greater than for a thermal reactor, 
the total mass, for a reactor of mod- 
erate thrust, would be much less be- 
cause of the absence of a moderator. 
The second possibility, being investi- 
gated at the National Aeronautics and 
Space Administration’s Lewis: Re- 
search Center, Cleveland, Ohio, is a 
water-moderated reactor with a tung- 
sten structure. An important draw- 
back is the fairly large cross section 
of tungsten for the capture of slow 
neutrons. 

15.170. Because of the limitation set 
by materials on the permissible tem- 
perature, it does not appear likely that 
a nuclear rocket with a solid core can 
yield a specific impulse much in excess 
of 1000 sec. But if the fission chain 
could be sustained in a gas space, very 
much higher temperatures, in the vi- 
cinity of 30,000°C (45,000°F), might 
be attainable. With hydrogen as pro- 
pellant, the specific impulse would then 
be about 3000 sec. Research is conse- 
quently proceeding on the design of 
various types of what are called cavity 
reactors, which would use the fissile 
material in the form of a gas. Such 
designs, however, are still in the very 
preliminary stages of development, and 
there are many difficult problems to be 
solved before cavity reactors for rocket 
roneo approach practical realiza- 
ion. 
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Reactors FOR SPACE POWER 


15.171. In addition to providing a 
means for spacecraft propulsion, nu- 
clear energy will probably supply the 


electrical power for some space mis-: 


sions of the future. For the present, 
solar batteries, in which the energy of 
the sun is converted into electricity, 
and fuel cells, which utilize hydrogen 
and oxygen as the power source, are 
adequate. But for such missions as & 
manned expedition to Mars or the es- 
tablishment of a base on the moon, 
nuclear energy seems to be the most 
promising approach for obtaining the 
relatively large amounts of electrical 
power needed to operate the essential 
equipment. In 1956, even before the 
first satellite had been launched, the 
U.S. Atomie Energy Commission in- 
augurated the SNAP (Systems for Nu- 
clear Auxiliary Power) program, now & 
joint activity with the National Aero- 
nautics and Space Administration. 
There are two aspects to the SNAP 
program: one involves radioactive iso- 
topes as power sources, as described 
in Chapter 17, and the other is con- 
cerned with nuclear reactors which will 
be considered here. Where the elec- 
trical power requirement exceeds a few 
kilowatts, a reactor, with its small size 
and mass and ability to operate for 
long periods on a single charge of fuel, 
appears to have marked advantages 
over other sources of energy. 

15.172. The first reactor of the 


'SNAP series, SNAP-2,* was intended 


to produce 3 kilowatts of electricity, 
but the project was terminated before 
completion and some of the technology 
was incorporated in the SNAP-10A 
reactor. This latter device made his- 
tory in the respect that it was the first 


* Even-numbered SNAP devices use reactor power plants; those with odd numbers utilize 


radioisotopes ($ 17.189). 


ay 
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reactor power plant to operate suc- 
cessfully in space. After a long period 
of testing a ground-based version, the 
SNAP-10A system was launched into 
a near-polar orbit of about 1300 kilo- 


meters (800 miles) altitude on April 3, 
1965. It functioned for 43 days, oper- 
ating telemetry and other systems. On 
May 16, 1965 the tracking station 
failed to receive signals from the space- 
craft and shortly thereafter it was de- 
termined that the reactor had been 
shut down.* The test, called Snap- 
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shot-l, was regarded as a success in 
the respect that all systems had oper- 
ated satisfactorily for a considerable 
period. Except for the first six days, 
the SNAP-10A reactor had run auto- 


Yi | d 
Arc — 


Fro. 15.9. SNAP-10A. (Atomics International Div., North American Aviation, Inc.) 


matically, without any commands from - 
the ground. 

15.173. The core of SNAP-10A was 
contained in a cylinder about 23 cm 
(9 inches) in diameter and roughly 
39 em (15.5 inches) in length. The fuel 
elements were long, thin rods of en- 
riehed uranium metal and zirconium 


* The failure was apparently not in the reactor itself, but in a voltage regulator; this caused 


the reactor to shut down. 
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hydride, clad in Hastelloy, with the 
hydrogen in the hydride as the mod- 
erator (§ 15.64). The reflector was of 
beryllium and control was achieved 
by moving semicylindrical parts of the 
reflector toward or away from the core; 
they are seen near the top of Fig. 15.9. 
The coolant was sodium-potassium al- 
loy. The choice of materials was based 
largely on the need for a compact 
design and the ability to function 
safely at high temperatures for ex- 
tended periods. The coolant left the 
core at 544°C (1011°F) and was 
pumped to the unit for the production 
of electricity by thermoelectric conver- 
sion. 

15.174. If one junction between two 
different metals or, better, between 
suitable p-type and n-type semicon- 
ductors (87.59) is maintained at a 
higher temperature than another sim- 
ilar junction, an electromotive force 
(or emf) is produced. This thermoelec- 
tric emf can then drive an electric 
current through an external load. If the 
hotter junction is kept. continuously 
supplied with heat to maintain its 
higher temperature, while heat is radi- 
ated away from the cooler junction, 
the system serves to convert heat con- 
tinuously into electrical power. The 
thermoelectric converter in SNAP-10A 
consisted of a large number of small 
cylinders, arranged alternately, of n- 
and p-types of silicon-germanium semi- 
conductor. One set of n-p junctions, 
which formed the inner surface of the 
array, was heated by the flow of hot 
sodium-potassium coolant from the re- 
actor. The colder junctions were on the 
outside, where heat was radiated to 
space. Since the efficiency of a thermo- 
electric converter depends on the dif- 
ference in temperature between the 
hot and cold junctions, the latter were 
distributed over a large area—the long 
truncated cone in Fig. 15.9—in order 
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to increase the loss of heat by radia- 
tion. The electrical power output of 
SNAP-10A was only a little more than 
0.5 kilowatt with an efficiency of less 
than 2 percent. 

15.175. A reactor combined with a 
thermoelectric converter, built in Rus- 
sia as a possible source of power in 
space, has some unusual features. The 
reactor fuel is uranium dicarbide and 
the fissions are produced mainly by 
fast neutrons. The maximum tempera- 
ture attained is claimed to be 1900°C 
(3450°F), which is considerably higher 
than that in the SNAP-10A reactor. 
There is no coolant and the heat gen- 
erated is transferred directly from the 
cylindrical core, through a metallic 
beryllium reflector, to the hot junc- 
tions of silicon-germanium thermoelec- 
tric elements located on the outside. 
The reactor is surrounded by a large 
number of metallic fins to radiate heat 
away from the cold junctions. The 
resemblance of these fins to the petals 
of a flower led to the device being 
called Romashka, the Russian word 
for daisy. 

15.176. Thermoelectric converters 
presently available have low efficien- 
cies and so it appears that they are 
limited to powers of a few kilowatts. 
To obtain larger powers for use in 
space, it is necessary to use a turbo- 
generator system, based on the same 
principle as in a conventional power 
plant but, of course, very much smaller 
in'size and mass. The SNAP-8 pro- 
gram was designed to produce 35 to 50 
kilowatts of electricity in this manner; 
development was suspended in 1965 for 
lack of funds, after a land-based reactor 
had been constructed and operated 
continuously for 200 days. The core 
material and coolant of the SNAP-8 
reactor were the same as those in 
SNAP-10A; the coolant exit tempera- 
ture was higher, however, at about 
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705°C (1301°F). From the reactor, the 
hot coolant circulated through a heat 
exchanger where liquid mercury—the 
working fluid—was boiled. The mer- 
cury vapor was to be used to drive a 
turbine connected to an electrical gen- 
erator to produce electrical power in a 
single compact unit. In order to com- 
plete the (Rankine) cycle, the mercury 
vapor leaving the turbine must be con- 
densed by cooling before it is returned 
to the heat exchanger (or boiler). This 
would be done by passing the vapor 
through a large radiating surface, 
analogous to the one in SNAP-10A. 

15.177. Among advanced designs for 
space power plants in various stages of 
development are the following. The 
SNAP-50 system is intended to pro- 
vide from 100 to 1000 kilowatts of 
electricity. It is expected to use a fast 
reactor with enriched uranium nitride 
as fuel; the coolant will probably be 
lithium and the working fluid will be 
boiling potassium. The potassium va- 
por operating in a Rankine cycle, 
which requires subsequent condensa- 
tion of the vapor, will drive a turbo- 
generator to produce electricity. The 
design of a reliable system to function 
at high temperatures with such cor- 
rosive materials as lithium and potas- 
sium clearly presents many problems. 
Another advanced concept is based on 
the Brayton cycle, which utilizes as 
the working fluid a gas (or vapor) 
that does not require condensation. A 
large radiating surface is necessary, 
however, to cool the exhaust gas from 
the turbine. 


_ NucLEAR POWER ror DEsAvTING 
WATER 


15.178. The growth of the world's 


population and advances in living 
* The total consum; 
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standards have brought with them an 
increasing demand for reasonably pure 
water for agriculture, for industry, and 
for domestic use.* In many arid coun- 
tries there is a shortage of fresh water 
and even in the United States there 
are regions where water has to be 
transported from distant points. A so- 
lution to this problem is to purify 
btackish, i.e., slightly salty, water or 
sea water, and this is being done in 
several parts of the world, including a 
few communities in the United States. 
For the production of fresh water in 
large quantities for agriculture or in- 
dustry, eg., by the desalination (or 
desalting) of sea water, however, the 
great drawback has been that the cost 
of the power required to carry out the 
purification has made the product ex- — 
pensive. In this connection there has 
been interest since 1959 in the possi- 
bility of decreasing the costs by mak- 
ing use of nuclear power. l 
15.179. Among the processes that — 
have been developed for desalting sea 
water, those that could best be adopted 
in association with nuclear power are 
based on the flash distillation prin- 
ciple. The sea water, at ordinary at- 
mospheric pressure, is heated to a 
temperature slightly below its normal 
boiling point. The heated sea water 
enters à chamber at a lower pressure; 
under this reduced pressure, much of 
the water vaporizes immediately, i.e. 
“flashes,” into steam. The steam is 
then condensed to yield pure water. 
The vaporization and condensation are 
repeated in a series of stages at su- 
cessively lower pressures (and temper- - 
atures). The highly concentrated brine 
that remains is then rejected. In de- 
salting with the aid of nuclear power, 
the reaetor provides the heat, in one 


tion of water in the United States in 1966 was at the average daily 


rate of about 2000 gallons per unit of the population. q 
TIt is posable that it may prove economically advantageous to extract various minerals — 


from the brine. 
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way or another, to raise the initial 
temperature of the sea water. 

15.180. In order to be economically 
practical, nuclear desalting plants must 
have a large capacity, of the order of 
about 100 million gallons per day. For 
significantly smaller installations, it is 
doubtful if the cost of the water would 
be competitive with that from plants 
using conventional sources of power. 
Two types of nuclear systems have 
been considered: single-purpose reac- 
tors designed for desalting only, and 
dual-purpose plants to produce both 
electric power and fresh water. It ap- 
pears that circumstances may deter- 
mine which type of installation is 
preferable in a given situation. 

15.181. Where there is a demand for 
electricity, as well as for water, e.g. 
in a large metropolitan area, the dual- 
purpose desalting plant seems to have 
economie advantages. By building a 
large installation, the capital cost to be 
allocated per unit of power or of water 
produced is significantly decreased. To 
a certain extent, too, some economy 
could be realized by using sea water 
in the condensers of the turbines driv- 
ing the electricity generators. Heat, 
which would otherwise be wasted, can 
thus be utilized to warm the sea water 
prior to flash distillation. 

15.182. Considerations such as these 
have led to the adoption of the dual- 
purpose principle by the Metropolitan 
Water District of Southern California 
and a group of electrical utility com- 
panies, The first phase of the plan, to 
be completed in 1970, includes two 
reactors which will produce a total of 
1800 megawatts of electric power and 
50 million gallons per day of fresh 


615 


water by the desalination of sea water; 
a plant for an additional 100 mil- 
lion gallons of water per day will be 
constructed later if the first proves 
satisfactory. A dual-purpose nuclear 
desalting plant, with an output of 200 
megawatts of electricity and 100 mil- 
lion gallons per day of fresh water, is 
under consideration by the United 
States and Israel for construction in 
the latter country. 

15.183. A dual-purpose installation 
is designed to produce specified quan- 
tities of power and water, as indicated 
above. If there is a significant change 
in the demand for either of these com- 
modities, the economic benefits of the 
dual-purpose concept are lost. Conse- 
quently, such plants are advantageous 
where the demand is relatively con- 
stant from day to day, or where other 
sources of both water and electricity 
are available to permit an over-all de- 
gree of flexibility. In situations where 
these conditions do not hold or where 
the requirement is mainly for water 
e.g., for agriculture in arid regions, the 
single-purpose nuclear desalting plant 
would appear to be preferable. Since 
the high temperatures desirable for 
maximum thermal efficiency in the pro- 
duction of electric power (§ 15.79) are. 
now not necessary, the reactor can be 
designed for operation with the coolant 
at a relatively low temperature. Hest 
is then transferred to the sea water in 
a heat exchanger. The installation 
would still have to be large to min- 
imize the capital charge per unit of 
desalinated water, but the simplifica- 
tion in the reactor design might reduce 
such costs. 


THE NUCLEAR FUEL CYCLE 


INTRODUCTION 


plant is only one part of a complex 


15.184. In the generation of useful | system that also involves production 
power from nuclear fission, the reactor of the fuel material from the ores, fab- 
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rieation (and cladding) of the fuel ele- 
ments, reprocessing of the spent fuel 
for the recovery of fertile and fissile 
materials, and disposal of the residual 
radioactive wastes. This series of oper- 
ations, called the fuel cycle, has an 
important influence on the cost of the 
electricity produced in a nuclear power 
plant (cf. § 15.151). Consequently, re- 
search and development studies di- 
rected toward the improvement of the 
various stages of the fuel cycle are 
always in progress. 


PRODUCTION OF 
U METAL, OXIDE, 
FLUORIDE, ETC. 


SPENT FUEL 
REPROCESSING 


WASTE DISPOSAL 
Fie. 15.10. Uranium-plutonium reactor 
fuel cycle. 


15.185. The cycle (Fig. 15.10) starts 
with uranium ores which are concen- 
trated and shipped to a materials plant. 
The uranium is extracted and con- 
verted into various pure compounds of 

_ this element. Since many power re- 
actors employ fuels that are enriched 
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to some extent in uranium-235, i.e, 
the fuel contains more than the normal 
0.71 percent by weight of the fissile 
isotope, part of the uranium must be 
in the form of the hexafluoride, UFs, 
for utilization in an isotope separation 
plant (86.78 et seg.). The enriched 
hexafluoride is then converted into the 
desired fuel material, e.g., metal, oxide, 
or carbide. 

15.186. After remaining in the reac- 
tor for a time, the fuel must be removed 
for the following reasons: first, the 
decrease in the effective multiplication 
factor (§ 15.36), due to the consump- 
tion of fissile material and the accumu- 
lation of fission-product poisons which 
capture neutrons, and second, mechan- 
ical damage caused by radiation, i.e., 
by the neutrons and gamma rays in 
the operating reactor (8 15.18 et seq.). 
The spent fuel elements discharged 
from a reactor still contain both fertile 
and fissile materials that must be re- 
covered; this stage of the fuel cycle is 
called spent fuel reprocessing, or in 
brief, reprocessing. The products, e.g., 
uranium and plutonium compounds, 
must be obtained so relatively free 
from radioactive (fission product) con- 
tamination that they can be safely 
refabricated into fuel elements. Fur- 
thermore, the neutron poisons remain- 
ing as impurities must be reduced to a 
minimum. The disposal of the radio- 
active wastes of the reprocessing plant 
is another aspect of the fuel cycle. 

15.187. Since ‘part of the uranium- 
235 in the fuel has undergone fission 
in the reactor, the recovered uranium 
will need to be re-enriched to some 
extent before it is fabricated into fuel 
elements. This ean be done by passing 
the hexafluoride through the isotope 
Separation plant, but a simpler pro- 
cedure is to add the required propor- 
tion of more highly enriched uranium. 
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The recovered plutonium generally 
contains too large a proportion of the 
nonfissile isotopes of mass numbers 240 
and 242, formed from the plutonium- 
239 by neutron capture in the reactor, 
for use in weapons (§ 15.75). Some of 
this recycled plutonium is already be- 
ing used, on an experimental basis, as 
fuel in reactors designed to employ 
uranium-235 as the fissile material. It 
will undoubtedly find increasing ap- 
plication when the necessary recycle 
fuel technology has been developed 
(8 15.99); in the meantime, most of the 
recovered plutonium is kept in storage. 


REACTOR Fur, MATERIALS 


15.188. For the production of fuel 
materials, usually either as the metal 
(or an alloy), the dioxide, or a carbide, 
the uranium must be free from im- 
purities having appreciable cross sec- 
tions for neutron capture. The ore con- 
centrate, containing 70 to 80 percent 
of UsOg (§ 15.139), is first converted 
either into uranyl nitrate, UO.(NOs)s, 
or into the hexafluoride. The nitrate 
is obtained by extracting the concen- 
trate with nitrie acid and purifying 
the solution. The solid nitrate crys- 
tallizes out upon evaporating off part 
of the water. Alternatively, the U3Os 
in the concentrate is first reduced to 
the dioxide (“brown oxide"), UOz, by 
heating with hydrogen gas; subsequent 
treatment with gaseous hydrogen flu- 
oride leads to the formation of uranium 
tetrafluoride (“green salt"), UF. Fi- 
nally, the latter is treated with fluorine 
gas to yield the hexafluoride (“hex”). 
The various chemical reactions are as 
follows: 
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U:0; + 2H; — 2H3;0 + 3UO; 
UO; + 4HF — 2H;O + UF. 
UF,cE UR. 


The uranium hexafluoride produced in 
this manner can serve as the feed ma- 
terial in the gaseous-diffusion plant for 
enrichment in the fissile uranium-235 
isotope. 

15.189. Metallic uranium is usually 
obtained from the tetrafluoride; it is 
heated in a steel mold (or bomb) with 
either magnesium or calcium of high 
purity (cf. § 14.52),* when the reac- 
tion, e.g., with magnesium, 


UF, + 2Mg — 2MgF: + U 


takes place. 

15.190. Unenriched, i.e., normal, 
uranium dioxide can be made from 
uranyl nitrate by heating (calcining) 
it to form the trioxide ("orange oxide") 
UO; this is then reduced with hydro- 
gen. As a general rule, however, the 
uranium dioxide used in fuel elements 
is enriched in uranium-235; the start- 
ing material is then uranium hexafluo- 
ride from the isotope separation plant. 
The enriched hexafluoride is treated 
with aqueous ammonia to yield a 
precipitate of ammonium diuranate 
(ADU), (NH,):U207; upon heating in 
a mixture of steam and hydrogen, en- 
riched uranium dioxide is formed. If 
enrichéd uranium carbide is required 
for fuel elements, it is obtained by 
heating the dioxide with carbon in the 
form of graphite powder. 

15.191. Some of the fuel elements in 
certain thermal reactors contain tho- 
rium-232 (as the dioxide or carbide) 
as the fertile species, largely for experi- 
mental purposes.} Since this material 


* Magnesium is used in the United States, but calcium is frequently em) loyed in Europe. 
+ Thorium-232 is of special interest in this connection because it can be used to breed 
uranium-233 in a thermal reactor ($15.50), whereas the breeding of plutonium-239 from 


uranium-238 is possible only in a fast reactor. 
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may ultimately play an important role 
in the utilization of nuclear energy, 
the production of fuel elements con- 
taining thorium dioxide, ThO, or 
thorium carbide, ThC;, is under de- 
velopment. Thorium nitrate, Th (NOs),, 
js obtained by extracting thorium ore 
concentrate with nitrie acid and puri- 
fying; the dioxide is produced by cal- 
cining the pure nitrate. Alternatively, 
thorium oxalate is precipitated from a 
solution of the nitrate by means of 
oxalic acid; the pure dioxide is then 
formed by calcination of the oxalate. 
The carbide is readily obtained by 
heating thorium dioxide with the ap- 
propriate quantity of carbon. If re- 
quired, thorium metal can be made 
by reducing the dioxide with calcium. 
Another procedure is to treat thorium 
tetrafluoride, ThF,, made from the di- 
oxide and hydrogen fluoride gas, in the 
same manner. 

15.192. Since natural thorium, un- 
like uranium, contains no fissile iso- 
tope, the fuel element material is 
usually made by adding a few percent 
of uranium-235. An efficient method 
for producing mixed dioxides of tho- 
rium and uranium for use in fuel ele- 
ments is the sol-gel process developed 
at the Oak Ridge National Laboratory 
since 1960. Thorium dioxide powder, 
obtained by heating the oxalate, is 
added together with aqueous ammonia 
to a solution of uranyl nitrate. If the 
conditions are right, a colloidal solu- 


tion (or sol), i.e., a suspension of ex-. 


tremely small particles, of thorium 
dioxide and uranium trioxide is formed. 
Upon heating to drive off part of the 
water, a gelatinous solid (or gel) is 
obtained. Calcination of the gel at high 
temperature yields an intimate mix- 
ture, i.e, solid solution, of thorium 
and uranium dioxides of high density 
especially suitable for the production 
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of fuel elements. By incorporating 
finely divided carbon into the sol a 
mixture of the carbides is obtained 
upon heating. 


Spent Fue. REPROCESSING: 
PRELIMINARY TREATMENT 


15.193. Since fuel elements are usu- 
ally clad either with aluminum, a mag- 
nesium or zirconium alloy, or stainless 
steel, the first step in the reprocessing 
of spent fuel removed from a reactor 
involves separation of the cladding. 
The decladding is often, and prefer- 
ably, performed by mechanical means, 
but this is not always possible. Chem- 
ical methods are then employed; either 
the cladding is dissolved away from 
thẹ spent fuel by a suitable acid or vice 
versa, whichever happens to be more 
convenient. In some instances, the 
whole fuel element, including the 
cladding, is dissolved. The subsequent 
treatment of the spent fuel depends 
on the particular reprocessing method 
that is to be used. Three main types 
of separations procedures have been (or 
are being) developed; they are, first, 
aqueous processing based on the use 
of nitric acid solutions; second, pyro- 
metallurgical, i.e., high-temperature, 
processes similar to those employed 
in the extraction and purification of 
common metals, and third, volatility 
methods involving vaporization of ura- 
nium hexafluoride. These general tech- 
niques are reviewed briefly below. 

15.194. When discharged from the 
reactor, the spent fuel elements are 
very highly radioactive, due to the 
presence of the fission products. Beforé 
going to the separations plant, there- 
fore, the fuel elements undergo a period 
of “cooling.” There are three main 
objectives of the cooling phase; first, 
to permit the over-all beta and gamma 
activity to decrease to a level at which 
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the radiations will not cause serious 
decomposition of processing reagents; 
second, to allow fission products of 
short half-life to decay almost com- 
pletely and thus simplify subsequent 
operations; and third, to permit certain 
highly radioactive isotopes of heavy 
elements, which are difficult or impos- 
sible to separate, to decay to a point 


the interest charges on the capital in- — 
vested in the fuel inventory. Y 


AQUEOUS REPROCESSING OF 
SrENT FUEL 


15.196. For the aqueous reprocess- 
ing of spent uranium fuels, the fuel 
material is dissolved in nitric acid to 
form a solution containing the nitrates 


Fig. 15.11. Remote operation of fuel reprocessing facility at the National Reactor 
Testing Station, Arco, Idaho. 


where their radioactivity is no longer 
a problem. 

15.195. In aqueous reprocessing, all 
three of these objectives are usually 
important and relatively long cooling 
periods, i.e., about 100 to 120 days, 
are necessary for uranium fuel ele- 
ments. For separation processes in 
which solutions are not employed and 
in which remote fabrication is possible, 
the length of the cooling period can be 
greatly decreased. This is an advantage 
from the economic standpoint because 
of the decrease in storage costs and in 


of uranium, plutonium, the fission- 
products elements, and possibly of the 
cladding material. The first method 
devised during World War II for the 
recovery of plutonium for use in weap- 
ons involved a complex precipitation 
procedure (§ 16.33), but this was soon ~ 
superseded by a simpler treatment that 
is now in common use. The basic proc- 
ess, called solvent extraction, is appli- 
cable to fuels of all types, including 
those containing thorium, with appro- 
priate modifications according to cir- 
cumstances. Because the solutions are 


620 


still highly radioactive, the equipment 
is shielded by concrete walls and all 
operations and analyses are carried out 
by remote control (Fig. 15.11). 
15.197. In the Purex process, used 
in the United States for the extraction 
and purification of uranium and plu- 
tonium from spent uranium fuels, the 
nitric acid solution is adjusted so that 
„the uranium is in its most highly ox- 
idized (VI) state, whereas the plu- 
tonium is in the (IV) state (cf. § 16.35). 
The two nitrates can then be extracted 
from the aqueous solution by means of 
the organic solvent tributyl phosphate 
(TBP) diluted with a hydrocarbon, 
such as kerosene. Other solvents have 
been used, both in the United States 
and in the United Kingdom, but the 
general principles are the same as in 
the Purex process. The fission products 
remain in the aqueous solution and 
can be discarded. The plutonium (IV) 
nitrate in the organie solvent is then 
reduced to the (III) state, in which 
state it can be readily re-extracted 
into an aqueous solution. The uranium 
(VI), however, is very stable and is 
not reduced; it consequently remains 
in the organic medium. It can be ex- 
tracted subsequently, however, by 
means of a dilute solution of nitric 
acid. In this manner, the uranium and 
plutonium are separated from each 
other, and' from the fission product 
impurities. The recovered uranium and 
plutonium nitrate solutions are purified 
further before conversion into solid 
compounds, e.g., oxide or fluoride. 


NoNAQUEOUS REPROCESSING OF 
Spent Fur. 


15.198. Although the treatment of 
spent fuels has been carried out almost 
exclusively hitherto by solvent extrac- 
tion. procedures, these suffer from two 
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main drawbacks. First, the long cool- 
ing period necessary to decrease the 
radioactivity to tolerable levels, and 
second, the large volumes of liquid 
waste solutions containing radioactive 
fission products. The disposal of these 
wastes represents a problem which will 
be considered later. Several nonaque- 
ous (or dry) separations procedures, 
such as the pyrometallurgical and vol- 
atility methods mentioned in $ 15.193, 
have therefore been proposed as alter- 
natives. The materials employed are 
less susceptible to decomposition by 
radiation than are those used in the 
aqueous reprocessing of reactor fuels, 
so that shorter cooling periods are ade- 
quate. Moreover, since there are no 
solutions involved, the volume of waste 
is greatly reduced. 

15.199. A melt-refining (or oxide- 
drossing) pyrometallurgical procedure 
has been developed at the Argonne 
National Laboratory for reprocessing 
the spent fuel elements of the fast 
Experimental Breeder Reactor (EBR)- 
II ($15.131). After a short cooling 
period, the metallic fuel is melted in a 
crucible made from the refractory ma- 
terial zirconium dioxide and is held at 
a temperature of 1400°C for a few 
hours. The more volatile fission prod- 
ucts, such as krypton and xenon gases, 
iodine, and cesium, escape whereas the 
more easily oxidized species, e.g., stron- 
tium, barium, and the rare-earth ele- 
ments, are converted into oxides by 
reaction with the crucible material, 
These oxides, which form a solid dross, 
are removed by mechanical means and 
constitute most of the radioactive 
waste. The melt remaining contains 
the uranium and plutonium metals, 
together with nearly all the molyb- 
denum and ruthenium and part of the 
zirconium present in the spent fuel. 
These impurities can be tolerated in a 
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fast reactor, since the eapture cross 
sections for fast neutrons are small. 
They are, in fact, advantageous to 
some extent because they improve the 
mechanical properties of the fuel ma- 
terial and increase its resistance to 
damage by radiation. 

15.200. Because of the short cooling 
period and the significant amount of 
fission produets still remaining, the re- 
covered uranium-plutonium fuel has 
considerable radioactivity. It is desir- 
able, therefore, to keep transportation 
to a minimum and to use remote oper- 
ation procedures in fabricating new 
fuel elements. The melt-refining plant 
for reprocessing the spent fuel from 
the EBR-II is thus closely integrated 
with the reactor itself and special meth- 
ods have been developed for fabricating 
and cladding the fuel pins and assem- 
bling them by remote techniques. 

15.201. A modification of the melt- 
refining process has been considered 
for the treatment of the spent fuel 
from later loadings of the EBR-II core. 
The fuel is heated for 3 hours with a 
mixture of chlorides, e.g., calcium and 
barium chlorides with a small propor- 
tion of cesium chloride, at à tempera- 
ture of 1150°C. As a result, the easily 
oxidized fission products are converted 
into chlorides while the volatile ones 
escape. Upon cooling the melt to 860°C, 
the uranium. (and plutonium) metal, 
containing some impurities, solidifies 
but the fission-product chlorides form 
a liquid layer that can be poured off. 

15.202. For the recovery of the ap- 
proximately 1 percent by weight of 
plutonium bred in the uranium blanket 
of the EBR-II, another pyrometallur- 
gical process is proposed. The blanket 
material is first dissolved in a mixture 
of zine and 12 percent by weight of 
magnesium at a temperature of about 
800°C. Addition of more magnesium 


to the melt, to attain a proportion of 
50 weight percent, results in the pre- 
cipitation of the uranium, whereas the 
plutonium stays in solution. After cool- 
ing to 400°C, the liquid containing the 
plutonium is poured off leaving the 
solid uranium behind. The liquid is 
heated to vaporize the zinc and mag- 
nesium, so that the plutonium remains. 

15.203. Another type of nonaqueous 
processing technique for spent reactor 
fuels is receiving attention, It is based 
on the ability of uranium and pluto- 
nium hexafluorides to volatilize at rela- 
tively low temperatures, below 65°C 
at atmospheric pressure, whereas the 
fluorides of most of the fission-product 
elements require very much higher 
temperatures. The spent fuel is first 
converted into a mixture of fluorides, 
with the uranium and plutonium pres- 
ent as the hexafluorides. Upon heating 
to a moderate temperature, these com- 
pounds vaporize and are condensed 
and collected; the fluorides of most of 
the fission products remain in the solid 
residue. 

15.204. Two methods are being in- 
vestigated for the separation of ura- 
nium and plutonium from the mixed 
hexafluorides. One depends on the fact 
that at temperatures above 150°C, plu- 
tonium hexafluoride vapor decomposes 
into solid nonvolatile plutonium tetra- 
fluoride (and fluorine), whereas the 
uranium hexafluoride vapor is unaf- 
fected. In the second procedure, sulfur 
tetrafluoride or bromine trifluoride is 
added to the mixture of the hexafluo- 
rides. The plutonium compound is 
reduced to the solid nonvolatile tetra- 
fluoride, whereas the uranium hexa- 
fluoride remains unchanged and can 
be separated as vapor. 

15.205. In the Aquafluor process de- 
veloped by the General Electric Com- 
pany, for the treatment of spent 
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uranium fuels containing plutonium, 
the separation of the two hexafluorides 
is avoided. The plutonium is first ex- 
tracted from an aqueous solution of 
the spent fuel by an ion-exchange 
method (8 13.92). The residual liquid, 
containing the uranium and the fission 
produets, is evaporated, dried, and con- 
verted into a mixture of fluorides, The 
uranium is then recovered by vaporiz- 
ing the hexafluoride. The radioactive 
fission products remain in the rela- 
tively small quantity of solid fluoride 
waste. 


Disposat or RADIOACTIVE 
Waste PRopvcrs 


. 15.206. Several different kinds of ra- 
dioactive wastes—gaseous, liquid, and 
solid—are produced in the various 
phases of the nuclear fuel cycle, from 
ore concentration to spent fuel reproc- 
essing. These must be disposed of in 
such a manner that there is no hazard 
to human, animal, or plant life (see 
§ 18.78 et seg.). Solids of low or mod- 
erate activity are usually: buried at 
depths of a few feet at carefully se- 
lected sites, and gaseous wastes, after 
chemical removal of iodine, are dis- 
charged to the atmosphere through 
high stacks, provided wind conditions 
permit. Liquids having low or inter- 
mediate levels of radioactivity are of- 
ten given à preliminary treatment to 
remove most of the activity in a solid 
precipitate; the liquids are then dis- 
posed of in dry wells or deep pits 
from which they seep out slowly into 
ihe surrounding soil. Sometimes. the 
liquids are kept in holdup tanks for a 
period to allow part of the radioactivity 
to decay. 

15.207. The major problem in waste 
disposal is concerned with the highly 
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: radioactive solutions from fuel reproc- 


essing. According to different esti- 
mates, 100 to 400 gallons of high-level 
waste solutions are produced per ton 
of uranium treated. In the past, these 
solutions have been stored in large 
underground tanks made of steel, often 
eneased in concrete.* During storage, 
the radioactivity causes the solution 
to inerease in temperature and even 
to boil; consequently, evaporation oc- 
curs and the volume decreases, as also 
does the activity, in the course of time. 
Ultimately, the radioactivity is no 
longer.sufficient to heat the liquid sig- 
nificantly. It has been proposed that 
evaporation might be continued by 
bubbling heated air through the re- 
sidual solution. The solid cake of salts 
deposited in the tank remains in safe, 
essentially permanent, storage. 

15.208. Tank storage has been found 
to be safe, practical, and relatively 
inexpensive, and is likely to be so for 
several years to come. The probable 
growth in the use of nuclear power 
suggests, however, that consideration 
should be given to the development of 
means for deereasing the volume of the 
high-level wastes. One possibility, men- 
tioned earlier, is the use of nonaqueous 
techniques for the reprocessing of spent 
fuel. Since there is no clear sign yet 
that such processes will supersede the 
solvent-extraction procedure in current 
use, the assumption must be made that 
large volumes of radioactive waste so- 
lutions will have to be handled. Several 
methods are under investigation for 
removing water from these solutions, 
leaving relatively small volumes of ra- 
dioactive solids that can be sealed in 
steel vessels and stored in locations, 
eg., underground concrete vaults, 
where they cannot contaminate the 
environment. 


* As of 1967, about 80 million ponn of high-level radioactive waste solutions were stored 


in some 200 tanks in the United 
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15.209. In the fluidized-bed calcina- 
tion process, developed at the Argonne 
National Laboratory and tested in a 
demonstration plant at the National 
Reactor Testing Station, Arco, Idaho, 
the waste solution is sprayed into a 
calciner containing a heated (400° to 
600°C) bed of fine particles of alumina, 
ALO;. By passing air upward through 
the bed, the particles are “fluidized” 
and they ean flow like a liquid; inti- 
mate contact is then possible between 
the hot alumina particles and the drop- 
lets of the incoming spray of waste so- 
lution. The water is rapidly evaporated 
off from the latter leaving a mixture of 
solid nitrates of fission products and 
possibly of other elements, e.g., alu- 
minum from cladding. The nitrates are 
decomposed by heat to produce oxides 
that deposit on the particles of the bed. 
The resulting granular solid is removed, 
partly by the air stream and partly 
from the bottom of the caleiner, and 
stored. The residues may be converted 
into a glass-like material or treated in 
other ways to make them more re- 
sistant to the action of water in final 
storage. 

15.210. In the Waste Solidification 
Engineering Prototype (WSEP) instal- 
lation, completed in 1966 at the Pacific 
Northwest Laboratory associated with 
the Hanford Works (§ 15.72), three 
different procedures are being studied 
for converting the waste solutions of 
fuel reprocessing operations into solid 
form. In the Pacific Northwest Lab- 
oratory’s spray calcination method, the 
waste liquid is sprayed through an 
atomizing nozzle into the top of a 
cylindrical tower, the sides of which 
are heated to about 800°C. In falling 
down the length of the tower, water is 
evaporated from the droplets of waste 
solution and the residual solid is cal- 
cined to form a fine powder of oxides. 
The calcined oxides drop into a melter 
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maintained at a temperature of 700° 
to 1200°C, depending on the nature 
of the residues. Here they form a 
glassy melt which flows into a steel 
receiver where it solidifies prior to 
storage. 

15.211. The second procedure being 
tested at the WSEP plant is the phos- 
phate glass fixation process developed 
at Brookhaven National Laboratory. 
The liquid waste is mixed with phos- 
phoric acid and concentrated to a thick 
slurry in an evaporator. The slurry is 
fed into a platinum-lined crucible in a 
high-temperature (1000° to 1300°C) 
furnace. A molten phosphate glass is 
formed which flows out into a receiver 
where it eventually solidifies for stor- 
age. In a somewhat related method 
developed in the United Kingdom, a 
suspension of silica in a borax solution 
is used instead of phosphoric acid. The 
final product is then a resistant boro- 
silicate glass containing the fission 
products. 

15.212. The pot-calcination technique 
of the Oak Ridge National Laboratory, 
the third of those being tested in the 
United States, differs from the other 
two in the respect that the steel proc- 
essing vessel (or pot) also serves as 
the permanent storage container. The 
process is therefore carried out in 
batches, whereas the others are con- 
tinuous. The liquid waste is added 
gradually to the pot heated in a furnace 
at about 900°C. Water evaporates off 
and the salts remaining are calcined. 
The residues accumulate and the oper- 
ation is continued until the pot is full 
of a thick sludge or a solid cake. It is 
allowed to cool, and then sealed and 
stored. Whichever of the procedures 
described above proves to be most 
suitable from both operational and eco- 
nomical standpoints may play an im- 
portant, although unspectacular, role 
in the future of nuclear power. 
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Chapter 16 


THE TRANSURANIUM ELEMENTS 


DISCOVERY AND PROPERTIES 
or NEPTUNIUM 


16.1. The element plutonium, which 
was unknown and did not even exist 
to any appreciable extent in 1939, has 
become of great significance. As seen 
in the preceding chapters, it can be 
employed as a source of energy of 
explosive violence, or it can be made 
to liberate energy more slowly in a 
manner that may make feasible the 
production of useful power. At the 
same time, it is possible for the 
plutonium-239 to regenerate, by breed- 
ing, more than is consumed. In this 
way, use is made of a material, namely 
uranium-238, as a source of power that 
would otherwise not be available. 

16.2. To the scientist, plutonium is 
also of special interest as a member 
of a group of elements, called the 
transuranium elements, that lie be- 
yond uranium in the periodic system 
(§ 1.49). These elements, with atomic 
numbers greater than 92, and of which 
at least twelve are now known, are 
important not only because they have 
been obtained by artificial means; the 
arrangement of the orbital electrons 
(§ 4.63) in the atoms of these elements 
is an intriguing problem for both 
physicists and chemists. Furthermore, 
the early studies of the transuranium 


elements led to the development of the 
remarkable techniques of quantitative 
ultramicrochemistry; this made pos- 
sible experiments with fractions of a 
cubic centimeter of solutions contain- 
ing a few millionths of a gram of dis- 
solved substance. 

16.3. As seen in Chapter 13, the 
many radioactivities observed when 
uranium was irradiated with slow neu- 
trons, which were at first attributed 
to transuranium elements, were later 
shown to be due to various fission 
products. Consequently, although ele- 
ments of atomic number exceeding 92 
were undoubtedly present, they were 
not definitely identified until later 
when the situation had been somewhat 
clarified by the discovery of fission. 
Among the several beta-particle decay 
half-life periods which had been ob- 
served following the interaction of 
uranium with neutrons was one of 23 
min. This could not be separated in 
any way from the uranium itself, and 
hence in 1936, O. Hahn, L. Meitner, 
and F. Strassmann in Germany at- 
tributed it to the uranium-239 isotope 
formed by the radiative capture re- 
action 


"RU + on — "RU + v. 
Upon emitting a beta particle, the 
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uranium-239 should form the trans- 
uranium element of atomic number 93, 
but this was not identified. 

16.4. In the course of experiments 
designed to confirm the phenomenon 
of fission, made by E. M. MeMillan 
(8 9.47) at the University of California, 
Berkeley, early in 1939, a thin layer 
of uranium oxide was exposed to slow 
neutrons. A nonrecoiling, beta-emit- 
ting product, of 23-min half-life was 
observed. This was undoubtedly ura- 
nium-239; not being a fission fragment 
it would not be expected to recoil from 
the.target. In addition, a nonrecoiling 
beta activity of 2.3-days half-life was 
detected, the chemistry of which fol- 
lowed that of the rare earths. In other 
words, when a rare-earth element, 
added as a carrier to the solution, was 
precipitated, the precipitate carried 
with it the 2.3-day activity. At first 
it was thought that the latter was due 
to a radioactive rare-earth isotope, but 
this interpretation was found to be 
incorrect. 

16.5. As a result of further investi- 
gation, E. M. MeMillan and P. H. 
Abelson were able to show in 1940 
that the 2.3-day product was gen- 
erated from uranium-239 at a rate 
exactly that required by the 23-min 
half-life of the latter. Hence, the 2.3- 
day period is due to the element of 
atomic number 93, mass number 239, 
formed by beta decay of the uranium- 
239; thus, i 


"BU — 9993 + -te. 


The first true transuranium element, 
discovered in this manner, was later 
ealled neptunium, symbol Np, by Me- 
Millan, after the name of the planet 
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Neptune, lying beyond Uranus in the 
solar system. - ; 

16.6. It was indicated in § 1.49 that 
there had been some uncertainty con- 
cerning the position in the periodic 
table of the elements following actin- 
ium. The most general view, which 
appeared to find support from the 
work done on the false, so-called- 
transuranium elements from 1934 
through 1938 (§ 13.2 et seq.), was that 
they were analogous to Period 5, - 
rather than Period 6, containing the 
rare-earth (lanthanide) series (see 
Periodic Table in § 1.44). It is true 
that the elements actinium, thorium, 
protactinium, and uranium resemble 
their Period 5 homologues yttrium; 
hafnium, tantalum, and tungsten, re- 
spectively; consequently, it was ex- 
pected that the chemistry of nep- 
tunium would be similar to that of 
rhenium. But upon investigation, Me- 
Millan and Abelson proved that this 
was not the case. 

16.7. Unlike rhenium, neptunium 
does not precipitate with hydrogen 
sulfide in acid solution; it is not re- 
duced to the metallic state by zine, 
neither does it have an oxide volatile 
at red heat. It was found, however, 
that in a reducing (sulfur dioxide) 
solution neptunium could be precipi- 
tated with cerium (III) as fluoride, 
CeF;,* like a rare earth, or with 
thorium (IV) as iodate, Th(IO;),.T On 
the other hand, after oxidation with an 
acid bromate solution, the neptunium 
activity could be separated with so- 
dium uranyl (VI) acetate. Subsequent 
work has shown that neptunium re- 
sembles uranium in the respect that 
both exist in (III), (IV), (V), and 


* The neptunium fluoride may have been Np(III)Fs or Np(IV)F:, both of which are insol- 


uble, or a mixture of the two. 


t The Roman numerals in parentheses are the oxidation numbers which indicate the com- 


bining capacity of the element in the corresp: 
reaction the oxidation number (and state) of the 


reduction it is d: 


ondin: 


oxidation state. In a chemical oxidation 
ement is increased whereas in a chemical 


628 


(VI) oxidation states. One of the main 
differences in the properties of the 
two elements lies in the fact that nep- 
tunium (VI) is more easily reduced to 
the (IV) and (III) states than is ura- 
nium (VI). The most stable solid com- 
pounds of the former element are those 
of the oxidation state (IV),* such as 
NpO, and NpF,, but for the latter 
the uranyl (VI) compounds are the 
most stable. 

16.8. Soon after the discovery of 
the 2.3-day isotope of neptunium, 
another isotope was identified by 
G. T. Seaborg, E. M. MeMillan, J. W. 
Kennedy, and A. C. Wahl in Berkeley 
at the end of 1940. By bombarding 
uranium oxide with fast deuterons 
from a cyclotron, the (d,2n) reaction 


"WU + iD "Np + 2in 


took place. The product, neptunium- 
238, is beta active, decaying with a 
half-life of 2.1 days. 

16.9. The two isotopes of neptunium 
mentioned so far are too unstable to 
make other than a tracer study of the 
chemistry of this element possible 
(§ 16.12). It is fortunate, therefore, 
that a third isotope, with a much 
longer half-life, was discovered by 
A. C. Wahl and G. T. Seaborg early 
in 1942. In 1940, both G. Nishina 
and his associates in Japan, and E. M. 
MeMillan in Berkeley had found that 
exposure of uranium to fast neutrons 
leads to the formation of the beta- 
active isotope uranium-237, having a 
half-life of 6.8 days, as a result of the 
(n,2n) reaction 


"EU + in HU + 21. 


The beta-decay produet of the ura- 
nium-237 should be neptunium-237, 
but because of the weak activity of 
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the latter it was not detected for some 
time; however, it is now known to 
be an alpha emitter with a half-life of 
2.2 X 10* years. It is of interest to 
note that traces of neptunium-237 
found in uranium minerals probably 
originate in a similar manner from 
the (n,2n) reaction of neutrons liber- 
ated in the spontaneous fission of 
uranium-238. Neptunium-237 is by far 
the longest-lived of the known isotopes 
of this element, and it is the nuclide 
after which the neptunium (4n + 1) 
series of radioelements (85.62) was 
named. 

16.10. Because of its relatively long 
life, the rate of emission of alpha par- 
ticles from neptunium-237 is low, and 
their penetrating power is small. By 
taking reasonable care, work with ap- 
preciable amounts of this isotope can 
be performed without the necessity for 
the special precautions required by 
more active elements. In addition to 
this circumstance, it happens that 
neptunium-237 is formed to a small 
extent in nuclear reactors, via the 
550 (n,2n)*"U reaction followed by de- 
cay of the uranium-237. Appreciable 
quantities of neptunium-237 have thus 
been obtained by extraction from 
spent reactor fuel. With this material 
a very thorough study has been made 
of the chemistry of neptunium, and 
many of its compounds have been 
prepared in the pure state ($ 16.17). 

16.11. Besides the three neptunium 
isotopes mentioned above, eight others, 
with mass numbers ranging from 231 
through 241, have been identified. 
These are obtained mainly by bom- 
barding either one or other of the 
isotopes of uranium by deuterons or 
alpha particles, or by the decay of 
other radioactive species. Some typi- 
eal reactions are the following: 


* In solntion. the (V) state appears to be the most stable (§ 16.24). 


———— 
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21Np oc #U(d,4n); *ÓSUU(d,6n) ; **U(d,9n) 
24Np  Pa(a,n); U (d,3n) ; *SU(ojp4n) 
235Np 285U (a,p3n) ; 5U (d,2n) 
*SNp , *"SU(d,n); SU(a.p2n); **U(d,4n); **"Np(d,t) 
Np  U(dm); *5SU(o,p2n). 


Several of the neutron-deficient iso- 
topes of low mass number decay by 
orbital-electron capture (810.138 et 
seq.), whereas those of high mass num- 
ber emit negative beta-particles; nep- 
tunium-231 and -237 are alpha-particle 
emitters. f 


TRACER AND ULTRAMICROCHEMICAL 
METHODS 


16.12. The earliest experiments on 
neptunium, and on the other trans- 
uranium elements, were made by what 
is called the tracer technique, in which 
an inactive carrier* is used to follow 
the behavior of a radioactive element 
present in unweighable and invisible, 
often referred to as tracer, amounts. 
Provided the material has a reason- 
ably strong activity, it is possible to 
trace quantities as small as 10-77? 
gram or less (§17.19). At the ex- 
tremely low concentrations of the 
radioactive compounds in the solu- 
tions, there is rarely precipitation of 
the substances themselves, although 
they may be carried down, either ad- 
sorbed or as a solid solution, by an 
insoluble compound of the carrier ele- 
ment. From the extent to which this 
occurs, it is possible to obtain a com- 
parative indication of the insolubility 
of the corresponding compound of the 
radioelement. 

16.13. For example, if an appre- 
ciable quantity of thorium is added 


as carrier to a solution containing a 
tracer amount of neptunium, in the 
reduced state in aqueous hydrofluoric 
acid, it will be found that the thorium 
fluoride (ThF,) precipitated contains 
essentially the whole of the neptunium 
activity. From this result it can be 
inferred that neptunium forms an in- 
soluble fluoride, presumably NpF;. 
According to G. T. Seaborg: “A great 
deal can be learned by this [tracer] 
method of investigation, which is the 
only possible method when submicro- 
gramf amounts are available. How- 
ever,” he points out, “care must be 
taken in interpreting the data, and in 
many cases completely positive deduc- 
tions cannot be made.” Where pos- 
sible, therefore, it is desirable to con- 
firm the conclusions reached with the 
tracer technique, which employs ex- 
tremely dilute solutions, often less 
than 10-? molar, by making obser- 
vations with somewhat larger amounts 
at such concentrations that pure pre- 
cipitates can be formed and carriers 
are not required. 

16.14. Because the quantities of the 
transuranium elements available in the 
early 1940s were generally very small, - 
of the order of a few millionths of a 
gram, it was necessary to work on a 
scale very much below even that of 
microchemistry. The technique of 
qualitative chemical analysis on such 
a minute scale was pioneered by A. A. 


* In general, a carrier may be an isotope of the element carried, or it may be an entirely 
different element, as in the present chapter, having a somewhat similar chemistry (§§ 5.29, 


13.87). 
I A microgram is one millionth part of 


a le 
A molar solution contains the S tear xta expressed in grams, of the dissolved 
substance (solute) in 1 liter of the solvent, e.g., water. 
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Benedetti-Pichler, and also by P. L. 
Kirk, in the United States; the latter, 
who proposed the name ultramicro- 
chemistry for this field of study, made 
important contributions to its adapta- 
tion to quantitative measurements. 
By using extremely small volumes, of 
the order of 10-5 to 0.1 ec, and weigh- 
ing microgram amounts, it is possible 
to obtain solutions containing from 
0.01 to 100 grams per liter. Such con- 
centrations are those of ordinary 
chemistry, and are far greater than 
are involved in tracer work; conse- 
quently, the common chemical reac- 
tions can be performed without the 
use of carriers. 

16.15. "The extremely small vol- 
umes [used in ultramicrochemical 
studies]," says Seaborg, "are handled 
with the help of specially constructed, 
small capillary containers, pipettes, 
burettes, micromanipulators, ete. Liq- 
uid volumes [from 10-* to 10-' cc] 
.. . are measured ... by means 
of finely calibrated tubing, the move- 
ment of liquid within the capillary 
being governed by air pressure under 
sensitive control. . . . The 'test tubes' 
and ‘beakers’ for this work are con- 
structed from capillary tubing which 
has an inside diameter of 0.1-I mm. 
The weights of solids which are 
handled in reagents and precipitates 
are usually in the range of 0.1-100 
microgram. . . . This work is usually 
done. upon a mechanical stage of a 
microscope, with the entire apparatus 
within the field of view (Fig. 16.1). 
The test tubes, pipettes, etc., are 
handled by means of mechanical aids 
. .. [and] the separation of solids 
from liquids is usually done by means 
of centrifugation rather than by filtra- 
tion." 

16.16. The weighing of quantities 
of the order of millionths of a gram 
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was performed with some type of 
ultramicrobalance which makes use of 
the bending or torsion of a fine quartz 
fiber. These balances are calibrated by 
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Fig. 16.1. Schematic of arrangement for 
observing ultramicrochemical reactions un- 
der the microscope. 


means of known small weights. In the 
quartz-fiber torsion balance used in 
much of the ultramicrochemical work, 
it was possible to weigh amounts as 
small as 1 microgram, or less, with an 
aceuracy of 0.02 microgram. The beam 
and other parts of this balance are 
constructed of fibers of quartz ‘“‘rang- 
ing in diameter from about four times 
that of a human hair down to fibers 
which are invisible to the unaided 
eye.” The addition to a small platinum 
pan. of the substance to be weighed 
causes a horizontal quartz fiber carry- 
ing the beam of the balance to be 
twisted; the weight is then estimated 
from the amount of torsion that must 
be applied to return the beam to its 
original position. In work of this kind 
the very greatest precautions must be 
taken to avoid sources of error which 
are quite negligible under normal 
conditions. 
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CHEMISTRY OF NEPTUNIUM 


16.17. The first compound of nep- 
tunium free from carrier* was pre- 
pared by L. B. Magnusson and T. J. 
LaChapelle in the United States in 
1944, working on the ultramicro- 
chemical scale. The material secured 
by the bombardment of uranium by 
fast neutrons, and which contained 
the neptunium-237, in addition to un- 
changed uranium, some plutonium, 
and fission products, was dissolved in 
nitric acid. Because of its low activity, 
neptunium-237 is difficult to trace; 
consequently, a small quantity of the 
2.3-day neptunium-239 isotope was 
added to the solution to permit the 
chemistry of the neptunium to be 
followed. 

16.18. The nitric acid solution was 
then reduced, by sulfur dioxide, for 
example, and fluorides precipitated by 
hydrofluoric acid with a small amount 
of lanthanum as carrier. The precipi- 
tate included the neptunium and plu- 
tonium, together with rare-earth ele- 
ments, but most of the uranium re- 
mained in solution as uranyl nitrate. 
The fluorides were dissolved in sulfuric 
acid and oxidized by means of bromate 
at room temperature, The neptunium 
was thus converted to the (VI) state, 
and upon the addition of hydrofluoric 
acid, the lanthanum and plutonium 
were precipitated, leaving the nep- 
tunium in solution. The (VI) oxidation 
state of the latter was then reduced to 
the (IV) state by sulfur dioxide, and 
its hydroxide (or hydrous oxide) pre- 
cipitated by ammonia. Upon removing 
the precipitate and heating it in air to 
red heat, 10 micrograms of product, 
which proved to be neptunium (IV) 
dioxide, NpOs, were obtained. 


* The first transuranium com 


16.19. The hydroxide can be dis- 
solved in sulfuric acid and then oxi- 
dized to the neptunium (VI) state by 
means of bromate. Upon addition of 
concentrated sodium nitrate and ace- 
tate solutions, sodium neptunyl ace- 
tate, NaNpO:(C;H50:)s, isomorphous 
with the well-known sodium uranyl 
acetate, was precipitated. The nature 
of the compound was proved by means 


- of its X-ray diffraction pattern (§ 2.93) 


obtained with only 15 micrograms of 
material. 

16.20. Besides the substances men- 
tioned above, other compounds of nep- 
tunium, notably the fluorides, have 
been prepared. If the dioxide is heated 
in a mixture of hydrogen and hydrogen 
fluoride at 500°C, the trifluoride, NpFs, 
is formed; thus, 


NpO; + 14H; + 3HF — NpF; + 2H;0. 


Upon heating the trifluoride in a cur- 
rent of oxygen and hydrogen fluoride, 
also at 500°C, the product is the tetra- 
fluoride, according to the equation 


NpF; + 140; + HF > NpF, + 14H,0. 


The same compound also results from 
the reaction of mixed oxygen and hy- 
drogen fluoride directly on heated nep- 
tunium dioxide. If the trifluoride is 
heated in fluorine, the hexafluoride, 
NpFs, is formed. Like uranium hexa- 
fluoride, it is a solid that vaporizes 
(sublimes) at moderately low tempera- 
tures. The three compounds NpF;, 
NpF,, and NpFs represent neptunium 
in the (III), (IV), and (VI) oxidation 
states, respectively. 

16.21. By heating the dioxide in car- 
bon tetrachloride vapor, the reaction 


NpO; + 2CCI, — NpCl, + 2COCh 
takes place, leading to the production 


d to be prepared free from carrier was a compound of 


ipoun: I 
the element plutonium (§ 16.31), which was oaraid after neptunium. 
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of neptunium tetrachloride; this is 
exactly analogous to the method em- 
ployed in the preparation of uranium 
tetrachloride. Further, as with ura- 
nium, neptunium tetrachloride is re- 
duced to the trichloride by means of 
hydrogen at 450°C. 

16.22. Two bromides and an iodide 
of neptunium have also been made by 
a method which is similar to one which 
has proved successful with uranium. 
A mixture of neptunium dioxide and 
excess aluminum was exposed to the 
action of bromine vapor, and the un- 
reacted aluminum bromide was re- 
moved by sublimation at 250°C. 
Upon heating the residue to 800°C, 
neptunium tribromide volatilized and 
deposited on the cooler portions of the 
tube. If, in a similar experiment, ex- 
cess of aluminum was avoided, the 
tetrabromide was obtained by subli- 
mation at 500°C. Neptunium triiodide 
was prepared in an analogous manner 
from the dioxide, aluminum, and iodine 
vapor; the iodide volatilized at 800°C. 
The identity of all the halides was 
established by X-ray diffraction stud- 
ies which showed them to have the 
same crystal structure as the cor- 
responding uranium compounds. 

16.23. Neptunium trifluoride was 
reduced to the elemental state by 
heating at 1200°C in the presence of 
barium vapor; the tetrafluoride could 
probably have been used but in the 
experiments being described, the high 
temperatures caused this compound to 
soak into the beryllium oxide crucible. 
Neptunium is a silvery metal, not par- 
ticularly affected by air. Its measured 
density is about 19.5 grams per cc 
at normal temperatures, but changes 
occur on heating with the formation of 
two other modifications having lower 
densities. The melting point of metallic 
neptunium is 640°C. 

16.24. Studies of the aqueous solu- 
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tions of neptunium compounds have 
shown that the (III), (IV), and (VI) 
states can exist in solution as well as in 
the solid form. A neptunium (V) state 
is also present in solution; surprisingly, 
although this oxidation state appears 
to be the most stable in solution, there 
are very few simple solid compounds, 
but some complex fluorides have been 
prepared. The (V) state is obtained by 
reduction of the (VI) state or oxida- 
tion of the (IV) state in solution. 


DiscovERY AND SEPARATION 
or PLUTONIUM 


16.25. When the beta-active iso- 
topes of neptunium decay, the daugh- 
ter element should have the atomic 
number 94. MeMillan and Abelson, in 
their study of neptunium-239 (§ 16.5), 
were unable to detect any new activity 
when this nuclide decayed, and they 
concluded that the product, *994, was 
an alpha emitter of long life; this pre- 
diction was subsequently verified, as 
will be seen below. The first isotope of 
element-94 to be definitely identified, 
however, was the one of mass number 
238, for this has a short half-life, and 
has, consequently, a relatively higher 
activity. When Seaborg, MeMillan, 
Kennedy, and Wahl discovered the 
2.1-day neptunium-238 in the winter of 
1940-41, as mentioned above, they also 
noted that this substance developed an 
alpha activity which could be sepa- 
rated chemically from both uranium 
and neptunium. This was ascribed to 
the element of atomic number 94, 
which its discoverers subsequently 
named plutonium, symbol Pu, after 
Pluto, the planet beyond Neptune. 
Hence, plutonium-238, an alpha emit- 
ter of about 90-years half-life, is 
formed in the beta decay of neptu- 
nium-238; thus, 


"Np — *WPu + -te: 


TAM OK 


The Synthetic Elements 


16.26. Preliminary experiments us- 
. ing the tracer technique showed that 
plutonium, like neptunium, is precipi- 
tated as fluoride or iodate with a 
rare-earth element or thorium as car- 
rier. Unlike neptunium however, it is 
not generally oxidized by an acid bro- 
mate solution, and this property can 
be utilized to separate plutonium and 
neptunium, as indicated in § 16.18. 
After bromate oxidation, the pluto- 
nium can still be precipitated as fluo- 
ride, with a rare-earth carrier, but the 
neptunium cannot, since it has been 
oxidized to the (VI) state. It was 
found, however, that by the use of a 
very strong oxidizing agent, such as 
persulfate with a silver ion catalyst, 
plutonium can be oxidized to a state, 
presumably (VI), which does not pre- 
cipitate as fluoride or iodate. 

16.27. The important fissile species 
plutonium-239, which MeMillan and 
Abelson had sought as the decay prod- 
uct of neptunium-239, was charac- 
terized in March 1941 by J. W. Ken- 
nedy, G. T. Seaborg, E. Segré, and 
A. C. Wahl, who worked with larger 
amounts of neptunium-239. The for- 
mation of plutonium-239 may be rep- 
resented by 


"Np — "Pu + -te, 


and, in accordance with expectation, it 
turned out to be an alpha emitter with 
a half-life of 24,360 years. Since the 
239-isotope of element-94 was found 
to undergo fission by slow neutrons, 
the study of plutonium-239 assumed a 
special interest, as described in § 14.28. 
Incidentally, tests have been made for 
the presence of plutonium-239 in na- 
ture. It seemed possible that it might 
be found associated with uranium 
minerals, resulting from the interac- 
tion ‘of uranium-238 with neutrons, 
produced in spontaneous fission or by 
the (a,n) reaction of alpha particles 
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from uranium with various light ele- 
ments. The results obtained indicate 
that the minerals pitchblende and 
carnotite do, in fact, contain minute 
traces of plutonium-239. 

16.28. Brief mention may be made, 
in passing, of 14 other isotopes of 
plutonium which have been reported. 
'Their mass numbers range from 232 
through 246. The lower isotopes can 
be obtained by the interaction of alpha 
partieles with uranium isotopes, ae- 
companied by the emission of one or 
more neutrons. A few examples of such 
reaetions are as follows: 


?Pu =U (a,7n) 
?4Pu — ?UU(o,3n) 
WPu — *5U(o,2n); U (o,5n) 
Pu — U (d 2n) 
“Py HU (an). 


Some isotopes of plutonium are also 
formed by the beta decay of neptu- 
nium isotopes, with mass numbers 
236, 238, 239, or 241. In addition, a 
useful method for the production of 
plutonium isotopes with mass numbers 
exceeding 239 is to expose plutonium- 
239 to neutrons in a nuclear reactor. 
As the result of a series of (n,y) re- 
actions, products up to (and includ- 
ing) plutonium-246 have been ob- 
tained. All the even-numbered iso- 
topes, with the exception of mass 
number 246, as well as the familiar 
239-isotope, are alpha emitters. As is 
the case with neptunium, the neutron- 
deficient plutonium isotopes of low 
mass number, some of which are also 
alpha emitters, exhibit orbital-elec- 
tron capture. The beta emitters are 
those of mass number 241, 243, 245, 
and 246. 

16.29. When the decision was made 
to attempt the production of pluto- 
nium on a large scale in a nuclear re- 
actor, it became necessary to work out 
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a process which would permit the 
separation of plutonium from un- 
changed uranium and also from the 
numerous fission products. The first 
experiments on the chemistry of plu- 
tonium were made with the 238- 
isotope, obtained by the decay of 
neptunium-238 produced by bombard- 
ing uranium with deuterons from the 
Berkeley cyclotron. With this mate- 
rial, G. T. Seaborg, J. W. Kennedy, 
and A. C. Wahl, using the tracer tech- 
nique, were able during 1941 to deter- 
mine many of the chemical properties 
of plutonium, and to evolve several 
possible processes for the separation 
of plutonium from the spent reactor 
fuel material. 

16.30. Four methods of separation, 
depending on volatility, adsorption, 
solvent extraction, and precipitation, 
respectively, were considered, and a 
process making use of precipitation 
reaetions was chosen as the basis of 
the large-scale separation. It was felt, 
for various reasons, that, although not 
necessarily the best procedure, it was 
the most likely to be successful when 
transferred from the laboratory to the 
produetion plant. The preliminary 
work on the separation process was 
performed with invisible tracer quan- 
tities of plutonium, but there was no 
certainty that the method would oper- 
ate in practice with large amounts of 
material. As pointed out earlier, the 
concentrations in tracer work are so 
low that the results obtained might 
not apply to ordinary concentrations 
such as would be used on the produc- 

- tion scale. Further, it was realized 
that the final isolation of the pluto- 
nium would require separation from 
carrier materials. 

16.31. Hence it became necessary to 
obtain visible quantities of plutonium 

* H $ 
wo Lt rere hand 
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which could be used to study its chem- 


istry by the ultramierochemical tech-' 


nique described in § 16.14. A quantity 


of uranyl nitrate was consequently . 


irradiated by neutrons, produced by 
bombardment of beryllium by means 
of cyclotron-aceelerated deuterons, 
first at Berkeley and later at Wash- 
ington University in St. Louis, and a 
few hundred micrograms of plutonium- 
239 were extracted by the end of 1942, 
With this material, information con- 
cerning the chemistry of the element, 
deduced from tracer-scale experiments, 
was confirmed. In addition, small 
quantities of pure plutonium com- 


pounds were prepared and analyzed. 

16.32. In reporting on the work, 
G. T. Seaborg said: “The first pure 
chemical compound of plutonium, free 
from carrier material, and all other 
foreign matter, was prepared by B. B. 
Cunningham and L. B. Werner . . . 
in Chicago on August 18, 1942, and 
the first weighing of such a compound 
occurred on September 10, 1942.* 
There was available . . . for the ac- 
complishment of this feat only a 
couple of micrograms of plutonium 
produced by the bombardment of 
uranium by neutrons. . . . These 
memorable days will go down in sci- 
entific history to mark the first sight 
of a synthetic element, and the first 
isolation of a weighable amount (Fig. 
16.2) of an artificially produced iso- 
tope of any element." Subsequently, a 
number of pure plutonium compounds 
were prepared and their formulas de- 
termined by ultramicrochemical analy- 
sis. 

16.33. With the microgram quanti- 
ties of plutonium which were avail- 
able, the.methods of separating plu- 
tonium from uranium and its fission 
products, which had been developed 


recipitate of the fluoride, probably PuF,, and 
and weighed Was the oxide, Pus. d j " 
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from tracer experiments, were tested 
at the actual. concentrations antici- 
pated in large-scale operation. The 
process finally adopted was partly 


Fie. 16.2. Magnified picture of the first 
plutonium compound (oxide) ever isolated, 
weighing 2.77 micrograms; it appeared as 
a golden incrustation, indicated by the 
arrow, on a small platinum shovel held by 
the forceps. (Lawrence Radiation Labora- 
tory, University of California) 


based on the stability of the (IV) 
oxidation state of plutonium, as com- 
pared with that of the (VI) state for 
uranium. With plutonium, a powerful 
oxidizing agent is required to convert 
the (IV) state into the (VI) state, 
whereas a relatively weak reducing 
agent will reverse the process. With 
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uranium, on the other hand, the oppo- 
site is the case; the (IV) state is very 
easily oxidized, but the resulting (VI) 
state is reduced with difficulty. The 
method of separation "involves a pre- 
cipitation of plutonium (IV) with a 
certain compound as a carrier, then 
dissolution of the precipitate, oxida- 
tion of the plutonium to the (VI) 
state, and reprecipitation of the carrier 
compound while the plutonium (VI) 
remains in solution. Fission products 
which are not carried by these com- 
pounds remain in solution when plu- 
tonium (IV) is precipitated. The fis- 
sion products which carry are removed 
from the plutonium when ib is in the 
(VI) state. Successive oxidation- 
reduction cycles are carried out until 
the desired decontamination [that is, 
elimination of the fission products] is 
achieved." * 

16.34. The foregoing description of 
the separation procedure, as Seaborg 
has pointed out, “represents a gross 
oversimplification of the actual process 
[as performed on the large scale at the 
Hanford Works (§ 14.76)]. There are 
carried out in all some 30 major 
chemical reactions involving hundreds 
of operations before the plutonium 
emerges from the process. The plants 
themselves defy description with their 
massive structures and their intricate 
maze of equipment, piping, and re- 
motely operated controls. The prelim- 
inary design of these plants was under 
way at a time when the world supply 
of plutonium was invisible to the 
naked eye. This remarkable program 
of investigation [carried out in the 
United States in connection with the 
wartime atomie bomb project] with 
microscopic and submicroscopic quan- 


* Quoted from H. D. Smyth, Atomic Energy for Military Purposes, 1945. It is now known 


that the plutonium (IV) was first precipitated as the 
as the carrier. The uranium (VI) remained in solution. 


hosphate, with bismuth phosphate 
n the final cycle the plutonium was 


precipitated as the fluoride with lanthanum fluoride as the carrier. 
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tities marks ... one of the... 
amazing achievements of ... chem- 
istry.” In spite of its complexity, the 
precipitation process, in which bismuth 
phosphate was the carrier for pluto- 
nium in the early purification stages 
and lanthanum fluoride in the later 
ones, was operated successfully for 
several years. It. has now been re- 
placed by the solvent extraction pro- 
cedure described in $ 15.196. 


CHEMISTRY OF PLUTONIUM 


16.35. Experimental investigations 
with plutonium are somewhat hazard- 
ous because of the relatively high al- 
pha activity, which makes it prefer- 
able to work with very small amounts 
even though larger quantities may be 
available. In addition, great care must 
be taken to prevent entry of pluto- 
nium into the body; it tends to con- 
centrate in the bones, where the 

continuous emission of alpha par- 
ticles can have serious consequences 
(§ 18.20). Because of the importance 
of plutonium as a fissile material, with 
great possibilities for use in peace or 
war, more is known of this artificially 
produced element and its compounds 
than of many other elements, in spite 
of the fact that the existence of four 
oxidation states, namely, (III), (IV), 
(V), and (VI), makes the chemistry 
very complicated. Like neptunium, 
plutonium resembles uranium in many 
of its chemical. properties; the main 
difference, as mentioned above, lies in 
the stability of the (IV) state in pluto- 
nium, whereas with uranium it is the 
(VI) state which is the most stable. 

16.36. The chemistry of plutonium 
is, in many respects, very similar to 
that of neptunium described above. 
The most stable oxide is PuO;, but 
if it is heated to about 1500°C in a 
vacuum, it forms the lower oxide 
Pu,0;. In addition, there is a mixed 
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oxidation state, varying in composi- 
tion from Pu;O; to roughly Pu,O;. 
Uranium exhibits similar properties, 
the composition of mixed oxides rang- 
ing from UO, to UO;. The halides 
PuF;, PuBr, and Pul; may be pre- 
pared by the methods described for the: 
corresponding neptunium compounds, 
The tetrafluoride PuF, is stable, al- 
though it can be reduced to the tri- 
fluoride, but the tetrachloride and 
tetrabromide have not been obtained, 
at least not in the solid state. Like ura- 
nium and neptunium, plutonium forms 
a solid hexafluoride, PuFs, which va- 
porizes (sublimes) readily; the pluto- 
nium compound is, however, less stable 
than uranium hexafluoride ($ 15.104). 
The neptunium compound has inter- 
mediate stability. 

16.37. Plutonium (III) can be pre- 
cipitated from solution as the hydrox- | 
ide, Pu(OH);, and the fluoride, Pul’y, 
thus behaving in a manner analogous - 
to the rare-earth elements. Aqueous 
solutions of the positive plutonium 
(III) ion are oxidized in air to the. 
plutonium (IV) state, although not as 
rapidly as are solutions of uranium | 
(III). As already stated, the (IV) oxi- 
dation state of plutonium is the most - 
stable, and many solid compounds in ` 
this category are known. The fluoride, 
PuE, the iodate, Pu(IO;), and the. 
hydroxide, Pu(OH), are insoluble, - 
like those of thorium, and can be 
precipitated. from aqueous solution; 
the chloride, nitrate, perchlorate, and 
sulfate, however, are soluble in water. 
Numerous complexes, both inorganic | 
and organie, of the plutonium (IV) 
state have been prepared; a soluble 
oxalate complex, for example, makes i 
it possible to dissolve PuF, and other 
insoluble Pu(IV) compounds in water. 
On the other hand, several of the 
“chelate” complexes, formed with 
diketones and related compounds, are i 
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soluble in organic liquids. Plutonium 
(IV) solutions can be reduced to the 
plutonium (III) state by means of 
warm sulfur dioxide, by hydroxyl- 
amine, by iodide ion, or by zinc amal- 
gam. The reactions can be reversed 
with relatively mild oxidizing agents. 

16.38. The conversion of plutonium 
(IV) to the (VI) state requires the 
use of fairly strong oxidizing agents, 
such as acid solutions of permanganate 
or dichromate, ceric ions, or persulfate 
in the presence of silver ions, This is 
in contrast with uranium, for which 
oxidation from (IV) to (VI) state in 
solution takes place in air, Solid plu- 
tonyl (VI) compounds, such as 
plutonyl nitrate, containing the ion 
PuO£g* analogous to uranyl com- 
pounds, are known, and there is an 
insoluble sodium plutonyl acetate, 
NaPuO;(CiH;,09), similar to the 
analogous. acetates of uranium and 
neptunium (§ 16.19). 

16.39. Evidence for the existence of 
plutonium in the (V) state has been 
obtained mainly from studies of solu- 
tions. As with the corresponding oxi- 
dation state of neptunium, there are 
very few solid compounds of plutonium 
(V) apart from some complex fluorides. 
It appears, from measurements of the 
absorption spectrum, that a solution of 
Pu(VI) in dilute hydrochloric acid can 
be partially reduced electrolytically to 
the Pu(V) state. This is probably pres- 
ent as the PuO£ ion, similar to the 
UO# ion of uranium. The (V) oxida- 
tion states of uranium and plutonium 
are relatively unstable, however, as 
compared with that of neptunium. 
Because of the different. colors or, in 
general, of the absorption spectra, of 
the various oxidation states, it has 
been found possible to work out a 
method of analyzing plutonium solu- 
tions by studying the absorption of 
light of different wave lengths. 
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16.40. The first pure plutonium 
compound (PuF;) free from carrier, 
referred to in § 16.32, was obtained by 
making use of the increasing difficulty 
of attaining the (VI) oxidation state 
in passing from uranium through nep- 
tunium to plutonium. Most of the 
unchanged uranyl nitrate, after the 
neutron bombardment, was extracted 
with ether, and the remainder was re- 
tained in solution; Pu(IV) and Np(IV), 
obtained upon reduction, were precipi- 
tated as fluorides with lanthanum and 
cerium as carriers. The fluorides were 
then converted into the soluble sul- 
fates by evaporation with concen- 
trated sulfuric acid. The addition of 
bromate to the solution resulted in 
oxidation of neptunium to the Np(VI) 
state, whereas the plutonium was un- 
affected; hence, the latter, free from 
neptunium, could again be. precipi- 
tated as fluoride, with the rare-earth 
carrier. After redissolving the fluo- 
rides with sulfuric acid, precipitating 
the hydroxides with ammonia, and dis- 
solving them.in nitrie acid, persulfate 
and silver nitrate were added to oxi- 
dize the plutonium to the (VI) state. 
Upon addition of hydrofluoric acid, 
the rare-earth carrier was precipi- 
tated, but the plutonium remained in 
solution. This was evaporated with 
sulfuric acid and then diluted; when 
hydrofluoric acid was added a precipi- 
tate of plutonium fluoride, free from 
carrier, was obtained. 

16.41. The properties of plutonium 
metal are of interest because of their 
unusual nature and the bearing these 
properties have on the possible use of 
plutonium as a reactor fuel (§ 15.126). 
The first microgram samples of the 
metal were prepared by H. L. Baum- 
bach and P. L. Kirk by reducing pluto- 
nium tetrafluoride with barium vapor 
at 1400°C. At present, plutonium is 
made by heating the tetrafluoride with 
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ealeium in a closed vessel; the reaction 
taking place is 


PuF, + 2Ca — Pu + 2CaF;. 


Iodine is generally added to the mix- 
ture, so that the reaction between ex- 
cess calcium and the iodine supplies 
additional heat; this also introduces 
calcium iodide into the calcium fluo- 
ride residue and lowers its melting 
point. 

16.42. Plutonium metal is silvery 
white but it tarnishes rapidly due to 
reaction with oxygen in the air. It also 
reacts readily with hydrogen gas and 
water. Between ordinary temperatures 
and the melting point of 640°C, pluto- 
nium exists in six different solid modi- 
fications. Four of these ‘behave nor- 
mally in the respect that they expand 
upon heating, but there are two forms, 
existing between 319° and 451°C and 
between 451° and 470°C, respectively, 
which have the very unusual property 
of contracting when heated. All the 
forms of plutonium have heat and elec- 
trical conductivities which are excep- 
tionally low for a metal. The density 
of plutonium at ordinary temperatures 
is 19.7 grams per cc, but the modifica- 
tions existing at higher temperatures 
have lower densities, down to about 
16 grams per ce. 


DiscovERY AND PROPERTIES 
OF ÁMERICIUM 


16.43. Although the element of 
atomic number 95, which its discover- 
ers, G. T. Seaborg, R. A. James, and 
L. O. Morgan, named americium, sym- 
bol Am, by analogy with its rare-earth 
homologue europium, is the third 
iransuranie element, it was actually 
the fourth to be identified, late in 
1944. The first isotope to be produced 
was americium-241. Tt was formed by 
the expected beta decay of piutonium- 
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241 (half-life 13 years), which has a 

high neutron-to-proton ratio; thus, 
"Pu — *jjAm + - te. 

The. plutonium-241 was obtained in 

two different ways. One was by the | 

bombardment of uranium-238 with 


40-MeV alpha particles from a cyclo- 
tron, when the reaction 


32U + iHe — *Pu + in 


occurred. More substantial quantities 
of plutonium-241, and hence of ameri- 
cium-241, were produced by exposure 
of plutonium-239 to thermal neutrons - 
in a nuclear reactor. Two stages of 
neutron (n, y) capture resulted in the 
formation of plutonium-241. Ameri- 
cium-241 has also been obtained di- 
rectly by the (a, 2n) reaction with 
plutonium-239. It is an alpha-particle ' 
emitter with a half-life of 433 years. 
16.44. Carrier experiments with 
americium showed it to have a very | 
stable (III) oxidation state in which 
it displays a striking resemblance to 
the rare-earth elements. Consequently, 
separation of americium from the rare- — 
earth carriers at first proved difficult, 
although removal of uranium and any 
neptunium and plutonium that: might 
be presént ean be readily achieved by 
oxidation of these elements. Among 
the methods developed for the purifi- 
cation of americium the following two 
are of interest. Although americium 
fluoride, like the rare-earth fluorides, ' 
is sparingly soluble, the former is 
somewhat more soluble, It is possible, 
therefore; by fraétional precipitation 
of the fluorides with careful control of 
the fluoride ion concentration, to effect 
a separation. Preferably, americium 
may be separeted from the rare earths 
by making-use of the ion-exchange 
procedure described in § 13.92. The 
various ions, present in dilute acid . 
solution in the (III) state, are ab- . 
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sorbed by a suitable resin. This is then 
eluted, i.e., extracted, with concen- 
trated hydrochloric acid, when the 
americium (and other transuranic ele- 
ments) are removed well ahead of the 
rare earths. Separation from each other 
of the elements of high atomic number, 
e.g, neptunium, plutonium, ameri- 
cium, etc., in the (III) state, is done 
by the ion-exchange method, using a 
slightly acid solution of ammonium 
citrate as the eluting (complexing) 
agent.* The procedure is similar to 
that employed for the separation of the 
rare-earth elements. The elements ab- 
sorbed on the resin are extracted in 
order of decreasing atomic number 
(Fig. 16.3). 
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16.45. Some pure compounds of 
americium, such as AmF; and Am;0;, 
free from carrier, were prepared dur- 
ing the winter of 1945-46 by B. B. 
Cunningham, and studied on the 
ultramicrochemical scale. Since that 
time, a number of other solid com- 
pounds have been prepared, including 
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AmCl, AmBr;, AmI, and AmO;. The 
latter shows that americium can exist 
in the (IV) state, at least in a solid 
compound. Because of the high alpha 
activity, due to the relatively short 
life of the americium-241 isotope, spe- 
cial precautions must be taken when 
working with its compounds, even 
though the amounts used are very 
small. 
16.46. The (III) oxidation state of 
americium is undoubtedly the most 
stable, but there is evidence for the 
existence of both higher and lower 
states. By means of a very strong 
oxidizing agent, such as ammonium 
persulfate, americium (III) can be 
oxidized to the (VI) state. A com- 
pound, analogous to those formed by 
plutonium, etc., referred to in $ 16.38, 
can then be precipitated by addition of 
sodium acetate. The (V) state of 
americium is obtained most readily by: 
reduction of the (VI) state in solution 
by means of chloride or bromide ions. 
It is also formed by oxidation of the 
(III) state with hypochlorite. The 
americium (IV) state is so unstable in 
solution that its presence has not been 
observed, although solid AmO; exists, 
as noted above. It was thought at one 
time that there was evidence for a (II) 
state of americium, analogous to the 
well-known low oxidation state of 
europium, the rare-earth homologue 
of americium. Later work, however, 
has failed to substantiate this claim. 
16.47. The relative stability of the 
americium (III) state is shown by the 
fact that the methods used for the 
preparation of the tetrafluoride and 
tetrachloride of neptunium yield only 
the corresponding trihalides of amer- 
icium. Thus, heating the hydroxide in 


* Slightly acid ammonium citrate was used as the eluting seat in the early work gus 
mi 


separation of americium and other synthetic heavy elements 
, other solutions were found to be better; among these are lactate, malate, and 


Subsequent 


especially a-hydroxyisobutyrate. 


y the ion-exi 
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a current of oxygen and hydrogen 
fluoride gives americium trifluoride, 
whereas the trichloride results from re- 
action of the dioxide with carbon 
tetrachloride. The tribromide and tri- 
iodide of americium are made, like 
those of neptunium and plutonium, 
by heating the oxide together with 
aluminum in the vapor of the appro- 
priate halogen. The compounds have 
been identified by their being iso- 
morphous with the corresponding 
halides of uranium. The preparation 
of americium tetrafluoride, but of no 
other tetrahalide, has been reported; 
it is definitely less stable than pluto- 
nium tetrafluoride. The action of 
barium vapor on americium trifluoride 
^t temperatures over 1000°C gives 
elemental americium. It is a silvery 
metal with a density of 13.7 grams per 
cc at ordinary temperatures. The melt- 
ing point is 1340?C, ; 

16.48. In addition to the isotope of 
mass number 241 with which most of 
the chemical work on americium has 
been carried out, nine other isotopes, 
with mass numbers from 237 to 246, 
have been discovered. As with pluto- 

. nium, the higher isotopes are made by 
successive neutron captures in a nu- 
clear reactor, starting with americium- 
241. Several of the isotopes of lower 
mass number have been obtained by 
bombardment of plutonium-239 with 
protons or deuterons, or of neptunium- 
237 by alpha particles. Decay of the 
beta-emitting isotopes. of plutonium, 
of course, yields isotopes of americium 
with the same mass numbers. 


_ DISCOVERY AND PROPERTIES 

^ “or CuRIUM 

16.49. The fourth transuranium ele- 
ment, atomie number 96, was identi- 
fied by. G. T. Seaborg, R. A. James, 
nnd A. Ghiorso in 1944, before the 
discovery of its predecessor ameri- 
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cium. The new element was called 
curium, symbol Cm, in honor of Marie 
and Pierre Curie for their pioneer work 
on the radioelements; this designa- 
tion was proposed so as to correspond 
with that of its rare-earth homologue, 
gadolinium, named after J. Gadolin, 
the Finnish chemist who was one of 
the early workers in the rare-earth 
field. The first isotope of curium to be 
detected was obtained by bombarding ` 
plutonium-239 with alpha particles in 
the Berkeley cyclotron, the reaction 
being 
"WPu + He — 742Cm + In. 

The same nuclide, an alpha emitter 
with a half-life of 162.5 days, was 
later found to be formed in the beta 
decay of the 16-hr isomeric (meta- 
stable) state of americium-242; thus, 


"Am" — "Cm + _% + y. 


It was actually from this source that 
eurium, in the form oí the oxide 
Cm;O;, was first obtained as a pure 
compound, in September 1947, by 
L. B. Werner and I. Perlman in ultra- 
microchemical amounts free from car- 
rier. Since that time curium-242 has 
become available in appreciable quan- 
tities from americium-242 produced 
by exposure of americium-241 to neu- 
trons in a reactor. 

16.50. As is to be expected, the (III) 
oxidation state of curium is extremely 
stable, and there is no evidence for any 
other state in solution. The solid tetra- 
fluoride, CmF., a curium (IV) com- 
pound, is known, however. Separation 
of curium from the rare-earth ele- 
ments, together with any americium 
that may be present, is achieved by 
the methods described in § 16.44. 
Since the (III) states are stable for 
both americium and curium, the sepa- 
ration of these elements is not easy. 
The problem is, both in fact and in 
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theory, analogous to that of separating 
neighboring rare-earth elements. Sev- 
eral methods for separating americium 
and curium have been devised, most 
of them utilizing the ion-exchange 
technique. 

16.51. One of the exceptionally in- 
teresting facts about curium, from the 
theoretical point of view (§ 16.85), is 
that its solutions are colorless, al- 
though it exhibits strong absorption of 
ultraviolet radiation, This behavior, 
which was expected from a considera- 
tion of the probable arrangement of 
the orbital electrons of eurium, is ex- 
actly analogous to that of the homol- 
ogous rare-earth element gadolinium, 
and calls attention to a striking sim- 
ilarity between these two elements. 

16.52. Much ‘of the experimental 
work on the properties of curium com- 
pounds has been carried out with the 
isotope of mass number 242, and the 
studies have been rendered difficult by 
the intense alpha activity, due to the 
short half-life, of this nuclide. The 
alpha particles are also the source of 
another difficulty; they cause decom- 
position, with the evolution of gas, 
and heating of the water in which the 
curium compound is dissolved. Be- 
cause of the health hazard, work with 
curium-242 is usually performed on 
the micro-scale in closed systems. The 
present availability of quantities of the 
isotope of mass number 244, with a 
half-life of 18.1 years, makes it sim- 
pler to carry out investigations of 
curium and its compounds on a larger 
scale. 

16.53. Altogether, 13 isotopes of 
curium, with mass numbers from 238 
through 250, have been identified. The 
lower isotopes, namely curium-238, 
-239, -240, and -241, result from the 
same bombardment process, i.e., plu- 
tonium-239 by alpha particles, as 
yields curium-242. The higher isotopes 
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are obtained either as a result of radio- 

active decay or, more commonly, by 

several stages of neutron capture, 

starting with either uranium-238, plu- 

tonium-239, or a curium isotope of 

lower mass number. 


Tur Discovery or BERKELIUM 
AND CALIFORNIUM 


16.54. At the end of 1949, S. G. 
Thompson, A. Ghiorso, and G. T. Sea- 
borg announced that they had pro- 
duced the element of atomic number 
97, which they called berkelium, sym- 
bol Bk. The name was given in honor 
of the city of Berkeley, where the dis- 
covery of this and of other related 
elements was made, by analogy with 
its rare-earth homologue, terbium, 
which was named for the small town 
of Ytterby, Sweden, where several 
rare-earth minerals have been found. 
The new element was obtained by 
bombarding americium-241 with alpha 
particles accelerated to about 35-MeV 
energy by means of a cyclotron. The 
process occurring was found to be 


?flAm + He — "Bk + 2àn, 


so that the mass number'of the prod- 
uct was 243. The berkelium was sepa- 
rated from the target americium, and- 
also from eurium formed at the same 
time, by the ion-exchange method. 
The indications are that, although 
berkelium exists predominantly in the 
(III) state, there is evidence for a 
(IV) oxidation state in solution. In this 
respect, the element resembles its rare- 
earth homologue, terbium; however, 
solid compounds of the (IV) state of 
the latter element exist whereas none 
is known for berkelium. 

16.55. There are eight isotopes of 
berkelium, with mass numbers from 
243 through 250. Most of them have 
longer half-lives than that of berke- 
lium-243, which is only 4.5 hours, and 
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so they might be useful for further 
studies. Berkelium-247, for example, is 
an alpha emitter with a half-life of 
1380 years; unfortunately, it can be 
obtained only in traces by bombard- 
ment of curium isotopes with alpha 
particles or by the electron-capture 
decay of the next element, described 
below, californium. It is expected that 
the berkelium isotope of mass number 
249, a beta-particle emitter with a 
half-life of 314 days, will become avail- 
able in fair quantities as a result of 
multiple neutron capture, and occa- 
sional beta decays, in a reactor starting 
with plutonium-239 or americium-243 
or other heavy nuclides. 

16.56. In March 1950, the discover- 
ers of berkelium, in conjunction with 
K. Street, Jr., reported that element 
number 98, which they named califor- 
nium, symbol Cf, for the State and 
University of California,* can be made 
by the action of 35-MeV alpha par- 
ticles on curium-242. The reaction 
occurring is of the (a,n) type and the 
product is californium-245, i.e., *43Cf, 
half-life 44 min. The new element was 
Separated by the ion-exchange proce- 
dure and identified, although. the 
amount obtained in the initial work 
was extremely small, estimated to 
be about five thousand atoms, ie, 
2X10-* gram, since only a few 
millionths of a gram of curium-242 
was used as target material. As far as 
is known, californium exists only in the 
typical (III) oxidation state. 

16.57. A total of 11 isotopes of cali- 
fornium, in the mass number range 
from 244 through 254, have been iden- 
tified. In addition to the use of alpha- 
$ particle reactions and. successive neu- 
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tron capture processes, some of the 
isotopes of californium have been 
obtained by bombardment of uranium- 
238 with so-called heavy ions, e.g., 
carbon and nitrogen (§ 9.150 et seq.). 
Examples of such reactions are 
8U (2C,6n)*4Cf, *8U("C,4n)*Cf, and 
555U (4N ,p3n)*8Cf. Special interest at- 
taches to californium-254, half-life 60 
days, since it decays almost entirely 
by spontaneous fission, rather than by 
alpha (or other particle) emission. It 
has been suggested that the fission of 
this isotope is responsible for the 
tremendous output of energy in certain 
Type I supernovae. These stars are 
seen to flare up to high brilliance (or 
explode) and then fade, the rate of fad- 
ing corresponding to a half-life of 
about 60 days. It is believed that 
the californium-254 in these stars is 
formed by a series of neutron captures 
and beta decays. 


Tue Discovery or 
EiNSTEINIUM AND FERMIUM 


16.58. An examination of the resi- 
dues collected after the thermonuclear 
test explosion of November 1952 at 
Eniwetok Atoll, by scientists from the 
Los Alamos Scientific Laboratory and 
the Argonne National Laboratory, 
revealed the presence of new heavy 
isotopes of plutonium and americium, 
both of mass number 246. It seemed 
that nuclides with such a high neu- 
tron content could arise only from 
successive neutron captures, such as 
occur much more slowly in a reac- 
tor.t This suggested the possibility 
that isotopes of elements beyond 
americium, and even beyond califor- 
nium, might be present. in the explo- 


*In this case, there is no direct analogy with the name of its rare-earth homologue dyspro- 


sium, altho 


ugh it is pointed out “that dysprosium is named on the basis of a Greek word 


meaning ‘difficult to get at’ {and] that the searchers for another element [gold] a century 


= found it difficult to get to California.” 


Nuclear reactions among the iat oR ae pe as given in § 14.115, produce neutrons 
ex] n. 


in large numbers in a thermonuclear 
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sion residues. Preliminary ion-ex- 
change experiments indicated that this 
was indeed the case, and in order 
to facilitate the isolation of the new 
elements several hundred pounds of 
coral were collected from the vicinity 
of the explosion. In this material, the 
new element of atomic number 100 
was identified at Berkeley, by the 
ion-exchange separation technique, al- 
though in the first. experiments only 
about 200 atoms were obtained. Also, 
element number 99 was observed both 
at Berkeley and at the Argonne Na- 
tional Laboratory. By agreement 
among the many workers in the three 
Laboratories involved in the project, 
element 99 was called einsteinium 
(symbol Es) and number 100 was 
given the name fermium (symbol 
Fm), in honor of A. Einstein and 
E. Fermi, respectively. The elements 
are precipitated as fluorides with 
lanthanum fluoride as carrier, and ap- 
pear in the proper order in the ion- 
exchange elution procedure; these facts 
suggest that they normally occur in 
the (III) state. 

16.59. The foregoing work was car- 
ried out during 1953, but before it 
was announced in June 1955, several 
isotopes of the two new elements had 
been obtained by other methods. Chief 
among these was the multiple neutron 
capture (and beta decay) procedure in 
a nuclear reactor, which is somewhat 
similar to that in a thermonuclear ex- 
plosion (cf. § 16.68 ei seq.). Starting 
with plutonium-239, long exposure in 
the Materials Testing Reactor at Arco, 
Idaho, led to the production of ein- 
steinium-253, which was separated and 
identified, by a group at Berkeley, 
using the ion-exchange method. An 
isotope of lower mass number was re- 
ported in November 1953 as resulting 
from the bombardment of uranium with 
nitrogen ions, i.e, *5U(4N,5n)'"Es. 
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Altogether, 11 isotopes, with mass ` ` 


numbers from 245 to 256, with the ex- 
ception of 247, are known. Of these, 
einsteinium-254, with a half-life of 270 
days, may be obtainable in weighable 
amount which can be used for further 
investigations and production of ele- 
ments of even higher atomic number. 

16.60. Ten isotopes of fermium, in 
the mass number range of 248 through 
257, have been made. The lightest ones 
are produced by heavy-ion bombard- 
ment, eg. Pu(#C,4n)*#Fm, *"U 
(50,55)'?Fm, and **U(*O,45)'9Fm, 
whereas those of intermediate mass 
result from the action of alpha particles 
on various isotopes of californium. The 
heaviest isotopes of fermium are gen- 
erally obtained by multiple neutron 
capture reactions. 


Discovery or MENDELEVIUM 


16.61. The discovery in April 1955 
of element number 101, named men- 
delevium (symbol Md), in honor of 
D. I. Mendelyeev, by A. Ghiorso, 
B. G. Harvey, G. R. Choppin, 8. G. 
Thompson, and G. T. Seaborg, was a 
remarkable achievement since it was 
based on observation of a single atom 
at a time. An invisible amount of 
einsteinium-253, consisting of about a 
billion atoms (10-7? gram), deposited 
on a gold foil, was bombarded with 
48-MeV alpha particles. The product 
nuclei were collected, by recoil, on an 
adjacent gold foil, so that they were 
relatively free from einsteinium. The 
foil was dissolved and the new element 
isolated by the ion-exchange method. 

16.62. It was at first thought that 
this element, with atomie number 101, 
would be an alpha emitter, but inter- 
ference by other nuclides, especially 
radon, made it impossible to identify 
the single atoms in this way. The pro- 
cedure which proved satisfactory was 
based on the fact that the new species 
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exhibited orbital-electron capture, as 
a result of which the element of atomic 
number 100, i.e., fermium, is pro- 
duced. The particular isotope formed 
undergoes spontaneous fission and this 
could readily be detected. Because of 
the small amount of einsteinium-253 
used in the bombardment with alpha 
particles, only one and sometimes two 
atoms of the new element, at best, were 
separated by ion exchange in each ex- 
periment. Nevertheless, the order of 
its extraction (8 16.44) was sufficient 
to identify it as having an atomie num- 
ber of 101. Later, larger quantities 
were obtained, and the decay to the 
spontaneously fissionable isotope of 
fermium (half-life 2.7 hours) was con- 
firmed by chemical separation. The 
mass number assigned to the isotope 
of mendelevium, as well as to that of 
fermium formed by orbital-electron 
capture, is 256. The half-life of men- 
delevium-256, originally thought to be 
about 30 min, is 1.5 hours, but another 
isotope, mass number 255, which is 
formed at the same time, in the bom- 
bardment of einsteinium-253 by alpha 
particles, does have a half-life of ap- 
proximately 30 min. A third isotope, 
Mass number 257 and about 3 hours 
half-life, has also been identified. 


DiscovERY or ELEMENT NumBER 102 


16.63. In July 1957, a group of 
scientists from the United States, the 
United Kingdom, and Sweden an- 
nounced that they had made element 
number 102 by the bombardment of 
eurium-244 with accelerated carbon-13 
ions at energies of 65 to 100 MeV. The 
nuclide produced in this manner was 
said to have a mass number of 251 or 
253 and to emit alpha particles of 
8.5-MeV energy with a half-life of 
about 10 minutes. The name nobelium, 
symbol No, was proposed for the ele- 
ment in honor of Alfred Nobel and the 
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Nobel Institute of Physics in Sweden 
where the experimental work was done. 
This name was later accepted by the 
Commission on Atomic Weights of the 
International Union of Pure and Ap- 
plied Chemistry. 

16.64. Soon after the report of the 
discovery of the new element, at- 
tempts to duplicate the experiments 
were made both in Berkeley and 
in the U.S.S.R., but without success. 
In April 1958, however, A. Ghiorso, 
T. Sikkeland, J. R. Walton, and 
G. T. Seaborg at Berkeley provided 
positive proof of the formation of ele- 
ment 102, with a mass number of 254, 
by the bombardment of curium-244 
and -246 target with carbon-12 ions 
using the heavy-ion linear accelerator 
(§ 9.154) ; the reaction taking place was 
*6Cm(#C,4n)*102. The product was 
collected by recoil on a negatively 
charged moving metallic belt placed 
close to the target and found to be an 
alpha-particle emitter. It decayed to 
fermium-250, also collected by recoil, 
which was identified by its alpha decay 
and by ion-exchange separation. The 
half-life of the 2102, determined in an- 
other experiment, appeared to be 
roughly 3 sec, but in 1965 Russian 
scientists reported that this nuclide, 
made by the **U(#Ne,6n)%102 and 
?SAm(5N,4n)'^102 reactions, had a 
much longer half-life, probably about 
50 sec. There is little doubt, from the 
identification of fermium-250, that the 
Berkeley workers actually obtained the 
isotope *102, but the apparent half- 
life may have been due to **102 pro- 
duced simultaneously by the reac- 
tion “Cm("C,4n)102. This nuclide, 
which has now been prepared in sev- 
eral ways, has a half-life of around 2.5 
sec. In addition to the isotopes with 
mass numbers 252 and 254, all the 
others in the mass range from 251 
through 257 have been obtained by the 
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bombardment of curium isotopes with 
accelerated carbon-12 and -13 ions and 
in other ways. There seems little doubt 
that the original claim to the discovery 
of element 102, which led to the name 
nobelium, has not been substantiated. 


Discovery or LAWRENCIUM 


16.65. The discovery of element 103 
was reported early in 1961 by A. 
Ghiorso, T. Sikkeland, A. E. Larsh, 
and R. M. Latimer at Berkeley after 
almost three years of preliminary work. 
The name lawrencium, symbol Lw, was 
suggested for the element in recogni- 
tion of the contributions to nuclear 
Science made by E. O. Lawrence, in- 
ventor of the cyclotron ($9.25) and 
founder and first director of the Radia- 
tion Laboratory, Berkeley, which is 
now also named for him. The method 
used to obtain the new element was to 
bombard a mixture of californium iso- 
topes, with mass numbers 249, 250, 
251, and 252, weighing only 3 micro- 
grams, with a beam of boron-10 and 
boron-11 ions from the heavy-ion 
linear accelerator. The product atoms 
recoiled from the target and were col- 
lected on a negatively-charged tape 
made of a copper-coated plastic. The 
tape moved past a series of semi- 
conductor detectors (§ 7.58) which 
counted the alpha particles emitted by 
the lawrencium. From the rate of mo- 
tion of the tape and the counts on 
successive detectors the half-life was 
found to be about 8 sec. Chemical 
identification of the element could not 
be made but the atomic number and 
mass number (257) were assigned on 
the basis of the variation of the yield 
with the energy of the bombarding 
particles and from other nuclear con- 
siderations. 

16.66. A second isotope of lawren- 
cium, mass number 256 and half-life 

of roughly 45 sec, was reported from 
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the U.S.S.R. in 1965. It is obtained by 
the action of accelerated oxygen-18 
ions on americium-243. By the use of 
the double-recoil technique described 
in $16.64, the product of two stages 
of decay—alpha-particle emission and 
electron capture—namely fermium- 
252, was collected and identified chem- 
ically. 


Discovery or ELEMENT 
Noumper 104 


16.67. In August 1965, G. N. Flerov 
(813.19) and his associates at the 
Laboratory for Nuclear Research, 
Dubna, U.S.S.R., claimed to have pro- 
duced element number 104 by bom- 
barding plutonium-242 with acceler- 
ated neon-22 ions; the reaction was 
thought to be 


Pu + Ne — 7104 + 4n. 


The product, mass number 260, decays 
by spontaneous fission with a half-life 
of 0.3 sec. Of particular interest is the 
reported observation that the chloride 
of the new element is more volatile 
than the chlorides of the other trans- 
uranium elements of smaller atomic 
number (see $16.84) The name 
kurchatovium, after I. V. Kurchatov, 
the first director of the Russian atomic 
energy project, has been proposed but 
official acceptance will probably be 
withheld until the production of ele- 
ment 104 has been confirmed in other 
laboratories. It may be noted, in the 
meantime, that a review published in 
1967 by A. Ghiorso and T. Sikkeland 
of the spontaneous fission half-lives of 
the elements of even atomic number, 
from 92 through 102, indicates that the 
half-life of the nuclide 7104 should be 
considerably less than 0.3 sec. It would 
appear, therefore, that if the Russian 
experimenters have indeed produced 
an isotope of element 104, its mass 


pa number is probably not 260, but pos- 


sibly 261. 


PRODUCTION OF TRANSPLUTONIUM 
ELEMENTS 


16.68. Further study of the syn- 
thetie (transuranium) elements al- 
ready known and the discovery of new 
ones requires the availability of sig- 
nificant quantities of the heavier of 
these elements. Neptunium and pluto- 
nium isotopes are already being pro- 
duced in useful amounts and in order 
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reactions is shown in Fig. 16.4; a 
horizontal arrow represents the cap- 
ture of a neutron, i.e., an increase of 
one unit in the mass number, whereas 
a vertical arrow pointing upward 
implies negative-beta emission, i.e., an 
increase of one in the atomic number. 
Americium-242 exhibits electron cap- 
ture in 16 percent of its decays and 
this is indicated by the broken arrow 
pointing downward. Alpha-particle de- 
cays are not shown because the half- 
lives are usually long in comparison 
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Fra. 16.4. Scheme of neutron captures and beta decays in a nuclear reactor. 


to obtain nuclides of higher atomic 
number for research and other pur- 
poses (§ 17.191) the U. 8. Atomic En- 
ergy Commission has initiated a na- 
tional transplutonium production and 
research program. As a first step, 
plutonium-239, in batches of 10 kilo- 
grams (22 pounds), is exposed to slow 
neutrons for long periods of time in 
the production reactors at the Savan- 
nah River Plant (§ 15.73), A series of 
neutron captures: interspersed with 
negative beta-decays leads to the for- 
mation of a number of nuclides of 
higher mass number or atomic num- 
ber or both. A general scheme of the 


with the beta decays and consequently 
do not have a great influence on the 
products. Fission, especially of the 
species with even mass numbers and 
odd atomic numbers, e.g., plutonium- 
239 and -241, eurium-245 and -247, 
ealifornium-251 and -253, etc., is im- 
portant, however, since it competes 
with neutron capture and results in à 
decreased yield of the heavier nuclides. 

16.69. After remaining in the re- 
actor for a sufficient time for the iso- 
topes of eurium to be produced in 
appreciable amounts, the material is 
removed from the reactor. Among the 
produets are plutonium-242, ameri- 
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cium-243, and curium-244, which are 
Separated and purified by solvent ex- 
traction (§ 15.196) and ion-exchange 
procedures. A portion of these prod- 
ucts, particularly the plutonium-242, 
is subjected to further neutron irradia- 
tion in one of the Savannah River 
Plant reactors which has been modified 
to yield a high neutron flux. Most of 
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of the elements curium, berkelium, 
ealifornium, etc. which have been 
produced by neutron captures and 
beta decays (Fig. 16.5). 

16.70. It is expected that by the end 
of 1968, when the facilities for the 
produetion and separation of the trans- 
plutonium isotopes are operating at 
full scale, there will be available 


Fig. 16.5. Remote operation of the plant (TRU) for separation of transuranium ele- 
ments. (Oak Ridge National Laboratory) 


the separated plutonium-242, how- 
ever, is exposed to neutrons in the 
High Flux Isotope Reactor (HFIR) at 
the Oak Ridge National Laboratory. 
This is a reactor of the flux-trap type 
(815.63) with the exceptionally high 
thermal-neutron flux of 3.5 X 10% 
neutrons per sq em per sec. After 
several months of irradiation, the ma- 
terial is withdrawn and transferred to 
a special processing facility for the 
chemical separation and purification 


relatively pure plutonium-242 and 
americium-243 in kilogram amounts, 
curium-242 in grams and mixtures of 
the higher isotopes in hundreds of 
grams, berkelium-249 in hundreds of 
milligrams, mixtures of californium 
isotopes in grams, of einsteinium iso- 
topes in tens of milligrams, and of 
fermium isotopes in micrograms. Sub- 
sequent operation of the program will 
ensure a steady supply in significant 
amounts of all the transplutonium 
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nuclides through fermium, with smaller 
quantities of the species of higher 
atomic number. 

16.71. Another approach to the pro- 
duction of heavy elements by neutron 
capture is to utilize the intense neutron 
fluxes—much higher than are possible 
in nuclear reactors—produced in ther- 
monuclear explosions. It will be re- 
called (§ 16.58) that the debris from 
the test explosion in 1952 contained 
previously unknown heavy isotopes of 
plutonium and americium as well as 
the new elements einsteinium and 
fermium. The products are of special 
interest because they are exceptionally 
rich in neutrons, ie. the ratio of 
neutrons to protons is high; nuclides 
of this type are generally the most 
stable for a given atomic number. By 
contrast, the products obtained by 
ion-bombardment reactions are in- 
variably rieh in protons and are the 
least stable isotopes. Since multiple 
neutron capture in a reactor is inter- 
spersed with negative beta-decays, as 
seen above, the products are of inter- 
mediate character, with what might 
be called an average ratio of neutrons 
to protons. 

16.72. As part of the United States’ 
program for the production of trans- 
plutonium elements, thermonuclear de- 
vices have been developed which 
have a relatively low explosive yield 
but an extremely high neutron flux, 
about a million times larger than can 
be realized in a reactor. Since October 
1964, a number of such devices have 
been exploded underground. Uranium- 
238 or other nuclide of higher mass and 
atomic number is exposed to the neu- 
trons and the products are recovered 
from the residues by drilling. Unfor- 
tunately, the target is vaporized in the 
explosion and the material is spread 
over a large volume. Consequently, in 
spite of the use of special techniques 
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to keep the produets concentrated, 
only a small proportion is recovered. 

16.73. The interest in the use of 
thermonuclear explosions lies not so 
much in the quantity production of 
transplutonium elements, but rather 
in the formation of relatively stáble 
neutron-rich nuclides and in the possi- 
bility of identifying new elements with 
atomie numbers above 104. The pro- 
duction of species beyond fermium-256 
in a reactor is limited by the short half- 
life (8.1 hours) of this nuclide which 
decays by spontaneous fission. 

16.74. Although both methods in- . 
volve successive neutron captures, the 
formation of heavy elements in & 
thermonuclear explosion follows quite 
different paths from those in a reactor. 
The differences arise primarily because 
the exposure time is very much shorter 
whereas the neutron flux is consider- 
ably larger in an explosion than in 
reactor irradiation. In a thermonuclear 
explosion, the high neutron flux per- 
sists for somewhat less than a micro- 
second (cf. § 14.22); this time is so 
short in comparison with the half-lives 
for beta decay of the various nuclides 
that the extent of decay is quite neg- 
ligible during the period in which neu- 
trons are being captured. Thus, it is 
possible for a uranium-238 nucleus to 
capture a number of neutrons in & 
rapid succession of (n,y) stages, leading 
to the formation of uranium isotopes 
of high mass number. For example, in 
the thermonuclear test explosion of 
1952, the uranium-238 captured up to 
17 neutrons in stages so that a series 
of isotopes were produced with mass 
numbers ranging from 239 to 255. 
When the explosion is over and neu- 
iron capture ceases, beta decay be 
comes the dominant process. Thus, 
seven or eight stages of beta decay 
starting with uranium-255, for ex- 
ample, led to the formation of ein- 
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steinium-255 and fermium-255, re- 
spectively, both of which were found 
among the debris of the explosion. 
16.75. A possible scheme for the 
formation of heavy isotopes by the 
capture of up to 37 neutrons by 
uranium-238 in a thermonuclear ex- 
plosion, followed by beta decays, is 
given in Fig. 16.6. It is seen that iso- 


of high atomic number must inevitably 
be small. Some improvement in the 
situation may be possible by using a 
heavier nuclide, e.g., plutonium-242, 
eurium-242, or curium-244, as the 
target material instead of uranium- 
238. As of early 1967, the heaviest 
nuclide detected in a thermonuclear 
explosion was fermium-257. 


MASS NUMBER 
Fig. 16.6. Scheme of neutron captures and beta decays in a nuclear explosion. 


topes of elements 105 and 106, as well 
as of other elements, might be found 
among the products. Since many of the 
neutron-rich nuclides have not been 


. obtained in other ways, their decay 


properties are not known; hence, part 
of the scheme is based on conjecture. 
Nevertheless, it provides a general in- 
dication of the possibilities. It should 
be noted that the relative amounts of 
the products decrease with increasing 
mass number, i.e., with the number of 
neutrons that must be captured. Con- 
sequently, the yields of new elements 


16.76. In the formation of transplu- 
tonium elements by neutron capture, 
either in a reactor or in a nuclear ex- 
plosion, the product is a very complex 
mixture of several of these elements 
in various amounts together with a 
large quantity of fission products. 
Among the latter are a number of 
rare-earth elements whose chemical 
properties are similar to those of the 
transplutonium elements . (§ 16.85). 
Furthermore, the mixture is very 
highly radioactive. It is apparent, 
therefore, that the problem of extract- 

" 
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ing and purifying individual elements 
is a complicated procedure requiring 
considerable scientifie and technical 
skills. 

ErngwENTS Bryonp Numper 104 


16.77. Since the half-lives of the 
nuclides apparently become shorter 
with increasing atomic number, what 
are the prospects for producing ele- 
ments with atomic numbers greater 
than 104? There are two possibilities: 
"one is by  charged-particle bombard- 
ment and the other is by multiple 
neutron capture in a thermonuclear 
explosion. The latter method has the 
merit of yielding neutron-rich nuclides 
which generally have longer half-lives 
than the proton-rich products of ion 
bombardment. On the other hand, de- 
tection of a new element with a short 
half-life would probably be easier in a 
bombardment. process, utilizing the 
double recoil technique. Recovery of 
the products of an underground ex- 
plosion involves, first, drilling to a 
great depth; then the sample obtained 
is only a small fraction of the material 
which might contain the new element. 
Finally, the desired element, present 
in minute amounts at best, must be 
extracted chemically from a mass of 
debris. During this time, a new species 
might well have decayed beyond the 
point of recognition, 

16.78. Ion-bombardment reactions 
are usually more effective the lower 
the atomic number, i.e., the positive 
charge, of the bombarding particle. 
Thus, the use of alpha particles (atomic 
number 2) or even of boron ions 
(atomic number 5) would be preferable 
to neon ions (atomic number 10). In 
order to take advantage of this situa- 
tion, however, to form a new element, 


—. it would be necessary to use an element 


of high atomie number as the target, 
- bec: the Rome number of the 
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product cannot exceed the sum of the 1 
atomic numbers of the target and bom- 
barding nuclei. In this respect, the 
availability of the heavier transpluto- 
nium elements in significant amounts, 
as a result of multiple neutron captures 
in a reactor, will be an important 
factor. ; 

16.79. It is of interest that theo- 
retical considerations indicate that the 
elements with atomic numbers in the 
region of 102 to 104 are exceptionally 
unstable and that a group of elements 
starting with 105 will have longer half- 
lives. There may also be a region of 
relative stability in the vicinity of 
atomic number 114. Still further ahead 
is the prospect of an exceptionally 
stable, doubly magic nuclide (§ 12.106) 
with 126 protons and 184 neutrons, 
i.e., with atomic number 126 and mass 
number 310. This may conceivably be 
made by the bombardment of thorium- 
232 by krypton-82 ions by the reaction 


Th + Kr — 310126 + 4n, 
and accelerators needed to produce the 


required strong beams of high-energy 
krypton ions are within sight (§ 9.150 


‘et seq.). It would appear, therefore, 


that in spite of the increasing difficulty 
of the problems, the era of the discov- 
ery of new elements is not yet over. 
But this optimism should be tempered 
with a word of caution: for elements of 
atomic number greater than about 
108, the spontaneous fission half-lives 
may be so short (cf. § 13.55) that new 
techniques, not yet developed, may be 
required for the detection of these 
elements. 


Tue Acrinipn SERIES 


16.80. In reviewing the properties 
of uranium and the heavier synthetic 
elements, some striking. similarities 
become evident. All the elements from 
uranium (atomic number 92) through 
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mendelevium (atomic number 101) 
exist in the (III) oxidation state. It is 
probable that the next two ele- 
. ments, i.e., element-102 and lawren- 
cium (atomie number 103), also have 
stable (III) states, but the small 
quantities available have made it im- 
possible hitherto to confirm this view. 
For reasons which will be given below, 
the element of atomie number 104, 
on the other hand, is expeeted to be- 
have differently. The stability of the 
(III) state, relative to other oxidation 
states, increases with atomic number 
up to 101 and probably to 103. Thus, 
the uranium (III) ion in solution is 
oxidized by the oxygen in air, but the 
(III) state is the most stable for ameri- 
cium and the elements beyond. In 
fact, for californium and the elements 
of higher atomie number (through 
101), it is the only state that has been 
detected. The trihalides of the general 
formula MX;, where M is a metal and 
X a halogen, are all isomorphous with 
one another and also with the cor- 
responding halides of actinium. 

16.81. The elements uranium, nep- 
tunium, plutonium, americium, berke- 
lium, and curium form solid com- 
pounds of the (IV) state, and for 
plutonium this is the most stable state, 
at least in solution. The known tetra- 
halides, of the MX, type, are iso- 
morphous with each other and also 
with thorium tetrachloride. The (V) 
oxidation state has been observed in 
solutions, and in a few solid com- 
pounds, of the three elements uranium, 
neptunium, and plutonium; of these, 
neptunium (V) is more stable in solu- 
tion than the (V) states of the other 
two elements. The same three elements 
and americium. also exist in the (VI) 
state, both in solution and. as solid 
compounds; the stability decreases, 
however, with inereasing atomic num- 
ber. This may be illustrated by the 
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three hexafluorides, UFs, NpFs, and 
PuFs; they are all solids that sublime 
at moderately low temperatures, but 
the stability decreases in the order 
given. Compounds analogous to the 
stable uranyl (VI) compounds, con- 
taining the ion MO} *, are also known 
for neptunium and plutonium; they 
all have the same crystal structure. 
16.82. An approximate attempt to 
indicate the relative stabilities of the 
various oxidation states of the ele- 
ments from actinium through men- 
delevium is made in the table on this 
page; four stars represent a very stable 
state in solution, whereas one star 
indieates a relatively unstable state 
for each element. Although the com- 
plete gradation of properties cannot 
be shown precisely, the general trend 
is evident. All the elements exhibit 
(III) oxidation states like that of 
actinium, and several have (IV) states 
similar to that of thorium. It would 
appear, therefore, that the elements 
included in the table, and probably 
also the two subsequent elements with 
atomic numbers 102 and 103, can be 
treated as a related group in much the 
same way as the rare-earth elementa. 


RELATIVE STABILITIES OF 
OXIDATION STATES 


Atomic Oxidation State 
Num- 
Element ber | HI | IV | V | VI 
Actinium gg | tee 
Thorium 90 EESTI 
Protactinium | 91 * * eee 
Uranium 02 ax | | > [omen 
Neptunium 93 wok | oen | ekte] Hk 
Plutonium 94 | t | eee] n | wek 
Americium 95 |ar| * * * 
Curium 96 |a| * 
Berkelium 9c | set, daha 
Californium 98 |**** 
Einsteinium 99 |**** 
Fermium 100 |**** 
Mendelevium | 101 | **** 
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16.83. It was seen in § 4.70 that the 
group of 14 rare-earth elements, which 
are all similar to one another, results 
from the gradual filling up, from 18 to 
32, of the inner fourth (n — 4) shell 
of electrons, while there are electrons 
in the outer (n = 5 and n = 6) shells. 
In an analogous manner, it is to be 
expected that a group of 14 related 
elements, starting with actinium, 
would result from the filling up of the 
inner n = 5. shell of electrons. The 
suggestion that there might be such 
a group of elements, for which G. T. 
Seaborg revived the name actinide 
series," was made by N. Bohr in 1923. 
But there was no real evidence for its 
existence until 1940, when E. M. 
MeMillan and P. H. Abelson discov- 
ered neptunium and pointed out the 
similarity of its properties to those of 
uranium. The facts brought to light 
since that time have shown that the 
resemblances, accompanied by ex- 
pected gradations, continue through 
the elements of still higher atomic 
. number. 

16.84. If the foregoing arguments 
concerning the existence of the 14- 
member actinide series are correct, the 
last member of the series should be 
lawrencium, atomic number 103. The 
next element, atomic number 104, 
should then belong to Group IVA of 
the periodic system (p. 16) and should 
resemble zirconium and hafnium rather 
than the rare-earth elements. This 
expectation appears to be borne out 
by the reported observation mentioned 
in $16.07 that element 104 forms a 
chloride, probably a tetrachloride, 
which, like the tetrachlorides of zir- 
conium and hafnium, is more easily 


* The term “actinide,” among others, was first used in 1937 by the Swiss-born 
& T Golisobmal de, who also invented the name “lanthanides?” Í for the rari 
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vaporized than the chlorides of the 
actinide elements. 

16.85. The actinide elements not 
only resemble one another, but they 
also exhibit a marked parallelism with 
the rare-earth (lanthanide) elements, 
especially as regards the (III) oxida- 
tion states. For example, the crystal 
structure of the trihalides of the ac- 
tinide elements is the same as that of 
the rare-earth trihalides. There are 
also certain similarities among the 
atomic spectra and the magnetic prop- 
erties in the two series. Perhaps the 
most striking resemblance is the ab- 
sence of any absorption of light in the 
visible region of the spectrum by 
curium in the actinide series and by 
gadolinium, its lanthanide homologue 
(§ 16.51). This fact argues very 
strongly for the analogous arrange- 
ment of the electrons in the two 
elements. 

16.86. Furthermore, it has long been 
known that, in the crystal state, the 
trivalent (III) ions of the rare-earth 
series show a decrease in size with in- 
creasing atomic number; this has been 


Tonic RADII IN THE AcCTINIDE SERIES IN 
ANGSTROM UNrrs 


Element III State IV State 
Actinium. .......... 1.11 "m 
Thorium (1.08) 0.96 
Protactinium (1.05) PE 
Uranium.... 1.08 0.93 
Neptunium.. 1.01 0.92 
Plutonium... L. ^u A 00. 0.90 
Americium.......... 0.99 0.89. 


referred to as the lanthanide contrac- 
lion, and has been the subject of 
theoretieal speculation. A similar con- 
traction has been observed among the 


chemist 
elements 


The “actinide series" of elements following actinium in the periodic system should not 
conf tinium seri ? the radieacts i i 23 53 


So with “acti 
actinium-227 is a member (§ 5.56). 
+ 


ive disintegration (4n + 3) series of which 


| 
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ions of the actinide series; the radii 
of the ions of the (III) and (IV) oxida- 
tion states, as determined by X-ray 
diffraction of the appropriate crystal- 
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ue compounds, are given in the ac- 
companying table. The results are 
expressed in angstrom units, that is, 
in units of 1075 em (§ 1.68). 


NEW RADIOACTIVE SERIES 


Tue NEPTUNIUM SERIES 


16.87. The first three known mem- 
bers of the neptunium (4n + 1) series 
of radioactive elements, mentioned in 
§ 5.62, are plutonium-241, americium- 
241, and neptunium-237; these have 
been described in the present chapter. 
The next element is protactinium-233, 
which was, incidentally, the first mem- 
ber of the series to be discovered. 
When E. Fermi and his collaborators 
in Italy bombarded thorium with slow 
neutrons in 1935 (§ 11.46) the prod- 
uct* was identified as thorium-233 
produced by the (n,y) reaction 


*BTh + in — "Th + v: 


This is known to have a half-life of 
23.5 min, and its daughter should be 
protactinium-233, formed by the nega- 
tive beta-decay process 


"Th — Pa + te. 


The protactinium-233 was found, by 
L. Meitner, F. Strassmann, and O. 
Hahn in Germany in 1938, to be & 
negative beta-emitter, with a half-life 
of 27.4 days. The decay of the pro- 
tactinium-233, represented by 


"Pa — "HU + -ie 


leads to the formation of uranium- 
233, another member of the neptu- 
nium series. This important nuclear 
fuel material (8 15.12) was discovered 


. "The situation in this case was not complicated by the Penis of fission 
it was with uranium because of the presence of uranium-: 


of these elements are described in § 16.114 et seg. 


Vno by slo roi 
t e dO dE MANNINI 


and first isolated in 1942 by G. T. 
Seaborg, J. W. Gofman, and R. W. 
Stoughton in the United States; they 
showed that it is an alpha emitter, 
with a half-life now taken to be 1.62 
X 10° years, and that it is fissionable 
by slow neutrons. 

16.88. By bombarding thorium with 
neutrons from a thermal fission-chain 
reactor, and allowing the intermediate 
products to decay, several milligrams 
of uranium-233 were obtained. Its im- 
mediate daughter, thorium-229, has & 
relatively long life, but because ade- 
quate amounts of uranium-233 were 
available, it was possible to accumu- 
late sufficient of this isotope of thorium 
to permit a complete study of its dis- 
integration produets, all of which have 
relatively short lives. One of these is 
francium-221 (Fr, atomic number 87), 
the daughter of which is astatine-217 
(At, atomic number 85).1 


COLLATERAL RADIOACTIVE SERIES 


16.89. In addition to the three main 
natural and the one artificial disinte- 
gration series of radioelements (Chap- 
ter 5), each has been found to have 
at least one parallel or collateral 
series. The main series and the col- 
lateral series have different parents, 
but they become identical when, in the 
course of disintegration, they have a 
member in common. Actually, the nu- 
clides of all the actinide elements must 


roducts, as 


, Since thorium-232 does not 
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be members of one or other of the four 
so-called main series or of their col- 
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The decay scheme of the series has 
been found to be as follows: 


20Pa IU "SU em 25Th PE "Ra ve Rn ox 24Po (RaC’) — U series. 


lateral series, since there are only four 
possible end-products of the radioac- 
tive decay chains, namely, *5Pb(4n), 
*"Bi(4n + 1), Pb(4n 4-2), and 
27Pb(4n + 3). Thus, some of the ar- 
tificial species are progenitors of the 
existing parents of the naturally oc- 
curring (or main) radioactive series. 
For example, einsteinium-254 under- 
goes beta decay and this would be 
followed by four stages of alpha decay 
to produce uranium-238. Similarly, 
mendelevium-256 appears to be a di- 
rect progenitor of thorium-232. Many 


The loss of an alpha particle by the 
emanation, radon-218, leads to the for- 
mation of polonium-214, which is iden- 
tical with radium C’ of the uranium 
series; the subsequent decay of the 
collateral series thus coincides with 


that of the main uranium series at ' 


this point. 

16.91. Another collateral 4m + 2 
series has for its progenitor protae- 
tinium-226 which is found among the 
produets of bombardment of thorium 
with 150-MeV deuterons. The decay 
scheme is represented by f 


"Pa med Ac > Er =————> "At ust ?19Bi (RaE) — U series. 


5X107s 


others, however, fall on collateral 
series which join with the main series 
at a later stage. 

16.90. Because of the large number 
of isotopes of the elements of high 
atomic number, several collateral series 
have been identified. A few of the 
shorter ones, representing mostly those 
first discovered, will be described here. 


16.92. Two collateral 4n (thorium) 
and one 4n 4- 3 (actinium) series were 
identified by G. T. Seaborg and his as- 
sociates in the United States. The first 
member of one of the 4n series is pro- 
tactinium-228 resulting from the ir- 
radiation of thorium with 80-MeV 
deuterons, by the reaction *Th 
(d,6n)**Pa. The decay scheme is 


238Pa = 2H Ac —— 22097 PA 28At anl ?3Bi (ThC) — Th series, 


2.9h 


Collateral with the natural uranium 
series is an artificial 4n + 2 series 
produced in the United States by 
M. H. Studier and E. K. Hyde.* Its 
parent is protactinium-230 formed by 
the bombardment of thorium with 
alpha particles or deuterons of high 


3x107 


the "*Bi being identical with thorium 
C of the natural thorium series. The 
second collateral 4» series starts with 
plutonium-232 produced when ura- 
nium-235 is bombarded with alpha 
particles; thus *°U(a,7n)Pu. The 
decay stages are 


"Pu > "WU L7» Th > “Ra —— "Rn —7—3 "Po (ThC’) — Th, 


36m 1.055 


energy, according to the reactions 
9Th(ap5n)*?Pa and **Th(d,4n)**Pa. 


* The name protactinium series has been 
protactinium-230 is the first known member. 


0.023 s 


4 zl 
X10% s series. 


16.93. The progenitor of the col- l 


lateral 4n + 3 series is protactinium- 


for this artificial 4n + 2 series, because 
will be seen below, however, other protac- 


isotopes are also the progenitors of the 4n and 4n + 3 collateral series. 
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227 obtained by the reaction 
22Th(d,7n)*"Pa; its decay scheme is 
as follows: 


22pg. 5,223 2,219 NE EH 
a —3À = — 
s Pa a BAC > "s Fr 2552 SAt 


16.94. Tt can be seen from the tabu- 
lation in $5.58, that uranium-235 
(actinouranium) is the first naturally 
occurring member of the actinium 
(4n + 3) series, but the three nuclides 
wU, Np, and Pu may be regarded 
as artificial precursors. The rapid de- 
cay of the first two leads, of course, 
to the formation of plutonium-239 
(§ 16.27), and as the latter is an alpha 
emitter, its daughter is uranium-235;* 
thus, 


B B 
"BU 23m "END 2.35 d 


16.95. A collateral 4n + 1 series 
that, it is of interest to note, includes 
an emanation (Rn), which the main 
neptunium seriest does not (85.64), 
has for its progenitor uranium-229, 
formed by the (a,7n) reaction on tho- 
rium-232 with 100-MeV alpha parti- 
cles. The decay scheme is 


209U 7, 22v] —> ARa EM 
va 68.05 |, omnee (eee TY 


16.96. In addition, a few other col- 
lateral members of the neptunium 
series are known. One example is pro- 
tactinium-229, formed by the bom- 
bardment of the natural radioactive 
element ionium (Th) by means of 
deuterons, according to the process 
*0Th(d,3n)Pa. This nuclide has a 
half-life of 1.4 days, decaying by 
orbital-electron capture and also by 
the emission of an alpha particle; the 
products are thorium-229 and actin- 
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ium-225, which, as seen in § 5.63, are 
both members of the neptunium series. 
Plutonium-237, mentioned in § 16.28 


Saag ?HBi (AcC) — Ac series. 


as resulting from the **U(a,5n)”’Pu 
reaction, decays by orbital-electron 
capture with a half-life of 45.6 days; 
the product is neptunium-237, for 
which the artificial 4n + 1 series is 
named. 


ArPHA-PaRTICLE ENERGIES 


16.97. One of the consequences of 
the study of the actinide elements and 
the various collateral series is the 
availability of a total of over 150 alpha 


239° s 235 +} 
a rh n 5 
Pu "ye $3U (AcU) — Ac series. 


emitters, although less than 30 occur 
in nature. A comparison of the half- 
lives, particle energies, and masses has 
revealed some interesting facts; in 
particular, it has pointed up the limita- 
tions of the Geiger-Nuttall rule, as 
mentioned in § 8.24. For any given 
element, from bismuth onward, it has 


217Rn ———> ?HPo — Np series. 


5x107 5 


been noted that the energies of the 


alpha particles increase, in general, 
with decreasing mass of the isotope. 
In other words, for a given atomic 
number, the nuclides with the lowest 
mass numbers, and which are conse- 
quently the most neutron deficient, 
emit alpha particles with the highest 
energies. This is to be expected, since 
the larger ratio of protons to neutrons 
should favor alpha activity. For the 
elements of lower atomie number, 


* It is of special interest to note in this connection that the decay of plutonium-239 leads 
to the formation of uranium-235; since both parent and daughter are fissile, and the half-life 
of the latter is nearly 10? years, it is evident that plutonium-239 could be stored for thousands 
of years without appreciable loss of fissile properties. d i ; 

T Since the neptunium series does not occur in nature, the assignment of the “main series” 
is actually quite arbitrary. The name is given here to the first 4n + 1 series to be discovered. 
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namely, bismuth, polonium, and asta- 
tine, the heaviest isotopes show the 
trend mentioned above, but with de- 
creasing mass number a point is 
reached where the alpha energy 
decreases, passes through a minimum, 
and then increases again. These min- 
ima must represent nuclides of rela- 
tively greater stability, and it is sig- 
nificant that *S8Bi, 7s{Po, and ?BAt, 
all of which have the stable number 
126 of neutrons, occur at or near the 
minima for the respective elements 
(§ 12.106). There is evidence of simi- 
lar minima for those isotopes of the 
heavier elements, starting with cali- 
fornium-250, *{Cf, containing closed 
shells and a subshell of 152 neutrons 
in their nuclei. 

16.98. If the energies of the alpha 
particles expelled from the nuclides 
of the even-even type, i.e., with even 
numbers of protons and neutrons, for 
decay to the ground state of the daugh- 
ter nucleus, are plotted against the 
logarithms of the corresponding half- 
lives, the values for the various ele- 
ments of even atomic number, from 
polonium to curium, fall on a series of 
approximately parallel lines. The re- 
sults are in general agreement with the 
wave-mechanical theory of alpha decay 
(§ 8.80), the half-life, for a given en- 
ergy value, increasing with the atomic 
number. Alpha emitters with an odd 
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number of neutrons or protons, or 
both, however, have half-lives con- 
siderably longer than expected. In- 
cidentally, all these nuclides emit alpha 
particles of relatively high energy, 
namely, 5 MeV or more. This hindered 
decay, as it is called, may be partly 
due to large differences in the nuclear 
spins of the initial and final states (cf. 
§ 8.113), but this alone cannot account 
for the comparatively long half-lives 
and high energies of the isotopes con- 
taining odd numbers of protons or 
neutrons, or both. The exact nature of 
the other factors involved is not yet 
known. 

16.99. In view of the relationships 
between mass number and alpha- 
partiele energy on the one hand, and 
half-life and alpha-particle energy on 
the other hand, it is to be expected 
that certain regularities will exist be- 
tween half-lives and -mass numbers. 
This is indeed the case, especially for 
even-even nuclides. The accumulation 
of systematic data of this kind, com- 
bined with the available information 
concerning the relationship between 
spontaneous fission half-lives and 


atomic and mass numbers, as discussed ' 


in $ 13.55, has helped in predicting the 
decay properties of previously un- 
known species and in the identification 
of nuclides of such short life that other 
methods are not applicable. 


THE MISSING ELEMENTS 


INTRODUCTION 


16.100. Prior to the latter thirties of 
the present century, four elements ly- 
ing below uranium in the periodic sys- 
tem were still unknown; these were the 
elements of atomie numbers 43, 61, 
85, and 87. It is true that various 
claims had been made to the discov- 
ery of all these elements, and names 


had even been assigned to them. The 
general opinion among scientists, how- 
ever, was that the claims had not been 


fully substantiated, and that the oc- . 


currence of the elements 43, 61, 85, and 
87 in nature was still in doubt. In 
the following paragraphs, the discovery 
and definite identification of these 
elements will be described. 


The Synthetic Elements 


ErnEMENT-43: TECHNETIUM 


16.101. In 1937, C. Perrier and 
E. Segré, in Italy, secured from the 
United States a specimen of molybde- 
num which had been bombarded with 
deuterons, together with neutrons pro- 
duced incidentally, from the Berkeley 
cyclotron. The atomic number of mo- 
lybdenum is 42, and Perrier and Segré 
considered that the following reac- 
tions might have occurred: 42(n,0)40, 
42(d,a)41, 42(n,y)42, 42(d,n)43, the 
various elements being indicated by 
their atomic numbers. The products 
could thus be isotopes of zirconium 
(40), niobium (41), molybdenum (42), 
or the element-43. The irradiated 
molybdenum was dissolved in aqua 
regia, and by making use of the car- 
rier technique, it was found that its 
radioactivity was not carried down 
with either zirconium, niobium, or 
molybdenum; henee, it appeared prob- 
able that it was due to the presence of 
element-43. This element should lie 
in Group VIIA of the periodic sys- 
tem, with manganese and rhenium as 
its homologues, the former above and 
the latter below it in the vertical 
group; it is to be expected, therefore, 
that element-43 would be carried by 
either or both of its homologues. 

16.102. A small quantity of rhenium 
was added to the solution of the ir- 
radiated molybdenum in aqua regia, 
and the mixture was evaporated to 
dryness. The residue was dissolved in 
aqueous ammonia and saturated with 
hydrogen sulfide; a manganous salt 
was then added and the whole allowed 
to stand for 12 hours. The precipi- 
tate of manganous sulfide formed car- 
ried some of the rhenium and nearly 


* Traces of technetium undoubtedly exist 
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the whole of the radioactivity. By 
treating with hydrochloric acid, the 
manganous sulfide was dissolved out, 
leaving black rhenium sulfide together 
with the activity; it was thus evident 
that the active product closely resem- 
bles rhenium. Further, both the active 
sulfide and the rhenium sulfide are 
soluble in hydrogen peroxide. A par- 
tial separation of the sulfides can be 
achieved by means of concentrated 
hydrochloric acid; rhenium sulfide 
separates slowly, but the activity, pre- 
sumably due to element-43, remains 
in solution. 

16.103. Subsequent work has con- 
firmed the production of element-43 
in the manner described above, and its 
discoverers have called it technetium, 
symbol Tc; this name, derived from 
the Greek word technetos, meaning 
artificial, was suggested because it 
was the first element, previously un- 
known on earth, which had been made 
artificially.* Altogether, 16 isotopes of 
technetium, with mass numbers from 
92 through 108 with the exception of 
106, have been reported. Some are 
fission products and others have been 
obtained by the bombardment of iso- 
topes of niobium, molybdenum, or 
ruthenium with accelerated charged ' 
particles, Technetium-97, for example, 
the isotope with the longest half-life 
(2.6 X 10° years), is obtained in’ the 
(d,2n) reaction with molybdenum-97. 
Negative beta-active molybdenum iso- 
topes are transformed into technetium 
isotopes with the same mass numbers 
when they decay; this is also the case 
in the decay by positive beta-particle 
emission or by orbital-electron capture 
of the lighter isotopes of ruthenium. 


in nature, formed by fission of uranium-235 


and uranium-238 and by the capture of cosmic-ray neutrons by molybdenum. Spectroscopic 
evidence indicates, however, that certain stars contain larger amounts of technetium than 
would be expected from these sources (cf. § 12.101 footnote). 
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16.104. A considerable clarification 
of the problem of assigning masses to 
the various isotopes of technetium has 
resulted from the availability of the 
separated stable isotopes of molyb- 
denum with mass numbers 92, 94, 95, 
96, 97, 98, and 100; these have been 
subjected to the action of deuterons, 
and the products studied. It has been 
found that technetium can be removed 
from its neighboring elements by dis- 
tillation from concentrated sulfuric 
acid. This avoids the use of rhenium 
as carrier, from which technetium is 
difficult to separate. Where a carrier 
is necessary, platinum has been found 
useful, for the sulfide carries down the 
technetium with it. 

16.105. One of the most interesting 
of the isotopes is the long-lived tech- 
netium-99, discovered by G. T. Sea- 
borg and E. Segré in 1939. The inter- 
action of molybdenum-98 with slow 
neutrons yields molybdenum-99, by 
the (n,y) process, and this decays, with 
a half-life of 67 hours, to form a 
metastable state of technetium-99. The 
latter undergoes an isomeric transition 
(half-life 6 hours), and the product 
is technetium-99 with a half-life of 
2.1 X 105 years. Microgram amounts 
of the isotope were first obtained by 
this means, but considerably larger 
quantities have since been separated 
from the products of uranium fission. 
As seen in $13.103, the 67-hour 
molybdenum-99, mentioned above, is 
a fission fragment and hence its decay 
product, technetium-99, accumulates 
in the course of time. Uranium min- 
erals probably contain minute quan- 
tities of technetium-99 that have been 
formed in this manner as a result of 
spontaneous fission of uranium-238. 

16.106. A study of the chemistry of 
technetium shows that element to 
have, as expected, properties inter- 
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mediate between those of its homo- 
logues manganese and rhenium, the 
resemblance to the latter being perhaps 
greater than to the former. Several 
different oxidation states of techne- 
tium, ranging from a negative (I) state 
to a positive (VII) state, have been 
reported. Of these, the (IV), (VI), and. 
(VII) states, which resemble the cor- 
responding states of rhenium, are well 
defined. Pertechnetates, in which the 
technetium is in the (VII) oxidation 
state, have similar properties to the 
familiar permanganates and the analo- 
gous perrhenates. Pure technetium 
metal has been prepared by passing 
hydrogen gas at 1100°C over the 
sulfide obtained by precipitation with 
hydrogen sulfide from hydrochloric 
acid solution. The metal has the same 
erystal structure as rhenium and the 
adjacent elements osmium and ruthe- 
nium. 


ErEMENT-601: PROMETHIUM 


16.107. The work of Moseley: 
($4.24) on the characteristic X-rays 
of the elements and their relationship 
to the atomie numbers showed that 
there should be a rare-earth element of 
atomic number 61 lying between neo- 
dymium and samarium. From time to 
time, claims were made by scientists 
both in America and in Europe to have ~ 
discovered this missing element; these 
were usually based on either the ordi- 
nary optical spectrum or the X-ray 
spectrum of the product supposed 
to contain the missing element. None 
of the claims seemed to inspire any 
real confidence, and there was a feel- 
ing of doubt concerning their validity. - 
In view of the arguments presented 
in $12.103, it would appear that the 
existence of a stable: isotope of ele- 
ment-61 is unlikely, and if this element 
does occur in nature it would probably 
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be a long-lived radioactive species of 
mass number 145. There is no evi- 
dence, however, that any of the sub- 
stances claimed to be compounds of 
element-61 were radioactive. 

16.108. In the course of a series of 
studies made in the United States by 
M. L. Pool, J. D. Kurbatov, L. L. 
Quill, and their associates, between 
1938 and 1942, on the interaction of 
neutrons, protons, deuterons, and al- 
pha particles with neodymium and 
praseodymium, there were obtained a 
number of activities, some of which 
were ascribed to element-61. Isotopes 
of this element were undoubtedly 
formed, but the assignments of the 
various aetivities were made without 
adequate chemical separation. Con- 
sequently, not all of the conclusions 
drawn proved to be correct. 

16.109. A definite separation and 
identification of  element-61 was 
achieved by J. A. Marinsky and L. E. 
Glendenin, working in C. D. Coryell’s 
group in connection with the fission 
product identification program of the 
wartime atomic energy project (§ 13.87 
et seq.). From the fraction of the fis- 
sion products. containing the rare- 
earth elements and yttrium, which is 
invariably associated with the rare 
earths, the cerium was precipitated as 
iodate, and the yttrium, samarium, 
and europium were largely removed 
by repeated digestion with a carbonate 
solution. The residue, consisting 
mainly of praseodymium, neodymium, 
element-61, and a small amount of 
yttrium, was absorbed on an Amber- 
lite resin.in an ion-exchange column, 
and then eluted with a slightly acid 
solution of ammonium citrate. Frac- 
tions of the eluate were collected and 
their radioactivity determined; from 
a plot of the activity against the 
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volume of liquid passing through the 
column, the element-61 was found to 
be associated with a 2.65-year beta 
activity.* 

16.110. The same half-life was ob- 
served to be formed as the product of 
negative beta-decay of 11-day "Nd, 
so that it is presumably due to “61; 
the mass assignment has been verified 
by direct measurement in the mass 
spectrometer. Appreciable quantities 
of this nuclide in a pure state have 
beeri separated, by means of the ion- 
exchange technique, from the produets 
of uranium fission. In accordance with 
anticipation, the element-61 is a typi- 
cal member of the rare-earth series, 
bridging the gap between neodymium 
and samarium. The wave lengths of the 
K-lines of the characteristic X-rays of 
the supposed element-61 have been 
measured, and the values are exactly 
as expected. 

16.111. Altogether, 14 isotopes, all 
radioactive, of element-61 have been 
identified; their mass numbers range ' 
from 141 through 154. The 53-hour 
isotope of mass number 149 has been 
found among the fission products, 
where it probably results from the 
negative beta-decay of 1.8-hour neo- 
dymium-149. The latter nuclide is also 
formed when slow neutrons interact 
with neodymium-148 and the 53-hour 
isotope of element-61 has been con- 
firmed as the decay product. A 5.4- 
day isotope of this element, an iso- 
meric state of mass number 148, has 
not been detected as a fission product, 
but it is produced in the (p,n) reac- 
ton with neodymium, presumably 
MSNd(p,n)^6017. Apart from those 
present among the fission products, the 
isotopes of element-61 are generally 
obtained by negative beta-decay of 
neodymium isotopes, by positive beta- 


* The half-life was originally given as 3.7 years, but this is now known to be incorrect. 
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decay or orbital-electron capture of 
samarium isotopes, or by bombard- 
ment of these two elements with high- 
energy particles. 

16.112. As stated in § 15.103, the 
isotope of element-61 with mass num- 
ber 145 would be of particular interest, 
since it might be expected to be of a 
relatively long life. This nuclide has 
been found to have a half-life of only 
18 years. Although it has a longer life 
than any other isotope of element-61, 
it is much too short to expect that it 
ean be detected on earth. 

16.113. The naming of element-61 
‘was the subject of a controversy, which 
was finally resolved in 1949. The ap- 
pellation *illinium" was widely used 
at one time, especially in the United 
States, but it was based on a claim 
to the discovery of the element that 

. is still open to confirmation. Because 
they considered element-61 to have 
been produced in their bombardment 
‘of neodymium with particles accel- 
erated in the cyclotron, Pool and Quill 
suggested it be called “eyclonium.” 
Finally, the name "promethium' was 
proposed by Marinsky and Glendenin, 
who separated element-61 from ura- 
nium fission products; Prometheus, 
according to mythology, brought fire 
from heaven for the use of man, just 
as fission has made available the en- 
ergy of the nucleus.* At its meeting 
in 1949, the International Union of 
Chemistry recommended the adoption 
of the name promethium, symbol Pm, 
thereby acknowledging the claim of 
. Marinsky and Glendenin to the first 
isolation of element-61. 


ELEMENT-87: Fi RANCIUM 


16.114, In 1939, Mlle. M. Perey in 
France 'showed that actinium-227, 
the isotope for which the actinium 
(4n -- 3) series of radioelements is 
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named ($5.56), exhibits a branched 
disintegration. Besides undergoing beta. 
decay, as has long been known, it also 
simultaneously emits an alpha particle, 
with the resultant formation of a nu- 
clide of mass number 223 and atomic 
number 87. The previously unknown 
element formed in this manner was 
first designated actinium K, but later 
its discoverer proposed the name 
francium, symbol Fr, after her native 
country. 

16.115. In addition to francium-223, 
which has thus been shown to occur in 
nature, 18 other isotopes, with mass 
numbers from 205 through 224 with 
the exception of 216, have been ob- 
tained artificially. One, francium-221, 
is a member of the neptunium (4n + 1) 
series, and five others, with mass num- 
bers 217, 218, 219, 220, and 221, are 
members of other disintegration series 
($16.89 et seq.). A few francium iso- 
topes have also been produced by the 
bombardment of thorium with protons 
of high energy. As expected from its 
position in the periodic table, the 
chemical properties of francium are 
typical of an alkali-metal element. 


ELEMENT-85: ASTATINE 


16.116. Although it was later re- 
ported as being formed in certain 
branched beta-particle decays in the 
natural radioactive series (8 16.120), 
element-85 was first obtained by D. R. 
Corson, K. R. Mackenzie, and E. Segré 
in the United States in 1940. They 
found that when bismuth is irradiated 
with 32-MeV alpha particles from a 
eyclotron, a 7.2-hour activity develops 
which can be separated from all the 
adjacent elements, and which is pre- 
sumably due to element-85 formed by 
the reaction 


Bi + {He — 2485 + 23n. 


*The analogy was suggested by Mrs. C. D. Coryell. 
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The decay of the ™85 nuclide by or- 
bital-electron capture results in the 
formation of polonium-211; thus, 


2185 + _Ye — 34Po. 


This is the substance commonly known 
as actinium C’, which has a very short 
half-life, estimated to be 5 X 10-* sec, 
and expels a long-range alpha particle. 
The fact that these energetic particles 
always accompany the ?!85 supports 
the.assignment of the mass number. 
There are, in addition, alpha particles 
of shorter range, and these are at- 
tributed to a branched disintegration. 
The production of element 85 in the 
manner described has been confirmed, 
and its discoverers have proposed the 
name astatine, symbol At, from the 
Greek astatos, meaning unstable, since 
it is the only member of the halogen 
group having no stable isotope. 

16.117. The chemistry of astatine, 
which was originally worked out by 
means of the tracer technique, is ex- 
ceptionally interesting because it shows 
some similarities to as well as differ- 
ences from that of the halogens. This 
is in keeping with the regular tran- 
sition of properties with increasing 
atomic number in Group VIIB of 
the periodic table. It is well known 
that the electronegative, i.e., the acidic 
(or nonmetallic), - properties of the 
halogens diminish steadily in passing 
from fluorine to iodine; in the latter, 
some electropositive (or metallic) char- 
acter is already apparent, although the 
properties are essentially those of an 
electronegative element. With astatine, 
however, the electropositive character 
appears to be more marked. 

16.118. After reduction by sulfur di- 
oxide or by zinc, the astatine activity 
is carried either by silver or thallium 
iodide, so that it evidently forms in- 
soluble silver and thallium salts. This 
represents astatine in the univalent 
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negative state which is characteristic 
of the halogens. But, astatine is very 


readily oxidized by bromine and by. 


ferric ions, there being indications of 
at least two (positive) oxidation states, 
namely (V) and (VII). Although there 
is no evidence from migration experi- 
ments of the presence of positive ions 
in the solution, astatine deposits on the 
cathode, as well as on the anode, in 
the electrolysis of oxidized solutions. 
Elemental astatine can be volatilized, 
although not so readily as iodine, and 
it has a specific affinity for metallic 
silver. The similarity to iodine is also 
shown by the observation that astatine 
concentrates in the thyroid glands of 
animals. 

16.119. A novel technique for study- 
ing astatine compounds in a carrier- 
free form was reported from the Ar- 
gonne National Laboratory in 1966. 
A bismuth target was bombarded with 
29-MeV alpha particles‘and this re- 
sulted in the formation of astatine-211 


(half-life 7.2 hours). The latter was _ 


driven off by heating the target and 
was colleeted on a cooled platinum 
plate which was then placed in a vessel 
connected with a mass spectrometer. 
Upon introducing small quantities of 
the halogen elements, the interhalogen 
compounds AtCl, AtBr, and AtI were 
detected from the observed masses of 
the molecules formed. Traces of or- 
ganic compounds in the apparatus led 
to the production of HAt, analogous 
to the halogen hydrides, and CH;At, 
similar to the methyl halides. The 
chemical properties of astatine mani- 
fested in this manner are thus typical 
of a halogen element. 

16.120. In 1939, B. Karlik and 
T. Bernert of Austria claimed that iso- 
topes of astatine result from branched 
disintegrations of radium A (?Po), tho- 
rium A(?!5Po), and actinium A(!5Po), 
accompanied by the emission of beta 


662 


particles; the mass numbers would 
thus be 218, 216, and 215, respectively. 
Subsequent investigations, however, 
suggest that the production of the 
216-isotope in this manner is doubtful, 
although the other modes of decay 
have been confirmed. Both astatine- 
215 and -218, which thus occur in 
nature, are alpha-particle emitters of 
very short half-life. Their decay prod- 
ucts, radium C and thorium C, are 
normal members of-the uranium and 
actinium series, respectively. In addi- 
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tion to the two naturally occurring 
isotopes, 18 others have been reported, 
with mass numbers in the range from 
200 through 219. Several have been 
obtained by the bombardment of bis- 
muth with alpha particles of various 
energies, and some result from the 
interaction of gold with accelerated 
carbon-12 particles. Most of the others 
are members of one of the several 
artificial radioactive series described 
earlier in this chapter. 
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ISOTOPES AS TRACERS 


LABELING WITH ISOTOPES 


17.1. It has been predicted that 
when the achievements of the present- 
day atomic energy program are re- 
viewed in the light of history it will 
be found that the greatest contribution 
to humanity will have resulted from 
the variety of isotopes, both radio- 
active and inactive, that have been 
made available for experimental pur- 
poses. The isotopic method represents, 
as will be seen below, a powerful tool 
for the solution of numerous problems 
in biology, physiology, chemistry, 
physics, and other sciences. Some of 

' these problems, particularly those 
having an important bearing on life 
processes, could not have been solved 
without the use of isotopes. In others, 
possible solutions, which have been 
arrived at by laborious procedures, 
have been confirmed or disproved by 
utilizing the information that can 
quickly be supplied by the proper ap- 
plication of the isotopic method. It is 

. true that the use of isotopes as a 
scientific tool is not new; but it is only 
in relatively recent years that isotopes 
have become available in such variety 
and in such quantity as to make their 
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Chapter 1 


use as widespread as it is at the present 
time. Results of considerable interest 
and practical value have already been 
reported, and further discoveries may 
be confidently expected. y 

17.2. The more important applica 
tions of isotopes depend on the faci 
that the chemical properties of th 
isotopes of a given element are essen- 
tially identical. Some variations, as 
mentioned in § 6.74, which are due t0 
differences in reaction rates, occur with 
the lightest elements, but these are 
usually unimportant. A radioisotope 
can be detected by its radioactivity, 
and an inactive isotope of particula 
mass can be identified by means of the 
mass spectrometer. Consequently, thi 
characteristic property of the isotope 
namely, its radioactivity or its mass, 
can act as a "tag" or “label” which 
permits the fate of the element, or 0 
a compound containing this element, 
to be traced through a series of chemi- 
cal and physical changes. The element 
which has been labeled or tagged is 
consequently called a tracer element. 

17.3. In general, an element can be 
labeled by changing its natural iso 
topic composition; for example, ordi- 
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nary carbon contains 1.1 percent of the 
heavier isotope carbon-13, but if the 
proportion of this isotope in a particu- 
lar compound is increased, the carbon 
has become labeled. Similarly, the 
radioactive isotopes carbon-11 and -14 
may be used to label carbon, since the 
natural element contains neither of 
these nuclides.* If a carbon compound 
contains two or more carbon atoms, it is 
often feasible to label a particular one 
or more. Thus acetic acid, CH;COOH, 
has a methyl carbon atom, in the 
—CH; group, and a carboxyl carbon 
atom, in the —COOH group. It is 
possible to prepare acetic acid in which 
the isotopic composition of either or 
both of the carbon atoms differs from 
the normal value for the element car- 
bon as found in nature (§ 17.39 et seq.). 
This change has a negligible effect on 
the chemical and physiological prop- 
erties of the substance, and so the 
behavior of each particular portion of 
the molecule can be traced. 

17.4. Suppose that acetic acid, in 
which only the methyl carbon atom is 
labeled, is supplied to an organism; 
then, among the metabolic products 
appears carbon dioxide gas. Upon test- 
ing the latter by a particle counter 
for radioactivity or by a mass spec- 
trometer for mass, the carbon is found 
to be inactive or to have the normal 
isotopic composition. The obvious con- 
clusion to be drawn is that the carbon 
in the carbon dioxide originated from 
the carboxyl group and not from the 
methyl group of the acetic acid. The 
carbon in the methyl group is evi- 
dently utilized for some other process, 
the nature of which might be discov- 
ered by further investigation. 

17.5. The foregoing example is a 
simple illustration of the type of prob- 
lem for which an bodies solution 


* Carbon compot 
carbon-14 (cf. $ Io), p^r itis Gri a 
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could not possibly be obtained without 
the use of an isotopic tracer, for the 
chemist has otherwise no way of dis- 
tinguishing between the two carbon 
atoms. There are many other instances 
of a similar character. Plants and 
other living organisms produce carbon 
dioxide in respiration, but it was not 
possible to state whether the gas was 
being assimilated at the same time. By 
means of carbon dioxide tagged with a 
radioactive carbon isotope, it has been 
found that absorption occurs simulta- 
neously with respiration. When a 
plant grows it takes up phosphorus 
both from the soil and from added 
fertilizer;-it is important to know 
what proportion comes from each 
source. Ordinary analytical methods 
cannot answer this question, but the 
use of radioactive phosphorus can 
supply the information. In blood 
transfusion, what happens to the red 
corpuscles in the body of the patient? 
Once the transfusion has taken place, 
it is normally impossible to distinguish 
between the corpuscles previously 
present and those which have been 
added. But by labeling the iron in the 
hemoglobin, the red coloring matter 
of the transfused blood, its behavior 
ean be determined in the body of the 
recipient. 

17.6. One further example may be 
given in concluding this general out- 
line of the unique properties of the 
isotopie tool. In sunlight, green plants 
can take up carbon dioxide and water, 
which are converted into sugars and 
starches, and at the same time they 
give up oxygen. Carbon dioxide and 
water each contain oxygen, and the 
question is: Does the oxygen produced 
by a plant originate from the carbon 
dioxide or from the water molecule, or 
from both? It had long been suspected 


contain very small amounts of the radioactive 
ted evenly among all the carbon atoms. 
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that it came from the water molecule, 
but definite proof was obtained by 
experiments with water and carbon 
dioxide, in one or other of which the 
oxygen atoms were labeled by increas- 
ing the proportion of the oxygen-18 
isotope. 


RADIOACTIVE AND STABLE ISOTOPES 


17.7. In 1913, soon after the discov- 
ery of isotopes (Chapter 6), G. Hevesy 
and F. A. Paneth, in Austria, showed 
that minute amounts of radium D 
(Pb) could be used as a radioactive 
tracer, or radioactive indicator as they 
called it, for lead in the determination 
of the solubilities of sparingly soluble 
lead salts.* Five years later, in 1918, 
Paneth employed naturally occurring 
radioisotopes of lead and bismuth to 
study the behavior of the unstable 
hydrides of these metals. The hydrides 
were detected by the radioactivity 
associated with them, since the respec- 
tive isotopes had the same chemical 
properties as the inactive forms of the 
elements. The first application of 
radioactive tracers to a biological 
problem was made by Hevesy in 1923; 
he investigated the uptake by plants 
of lead from solution, using thorium B 
(Pb) to label a lead salt. After vari- 
ous time intervals, the plants were 
burned and the amounts of lead taken 
up were calculated from the thorium B 
present. It was Hevesy, too, who in 
1935, in conjunction with O. Chiewitz, 
initiated the use of artificial radioiso- 
topes as tracers, by studying the ab- 
sorption by plants of phosphorus from 
a nutrient solution. 
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17.8. The first nonradioactive iso- - 
tope to become available in an en- 
riched form was heavy hydrogen or 
deuterium (§ 6.66); this immediately 
found numerous applications as a tool 
for the study of a variety of chemical 
problems. Subsequently, the heavier 
stable isotopes of carbon and nitrogen, , 
namely !C and '*N, were concentrated 
by the chemical exchange method, and 
in 1937, R. Schoenheimer and his asso- 
ciates in the United States started a 
highly significant series of physiological 
investigations making use of deuterium 
and of nitrogen-15 as tracers. Later, 
enriched isotopic forms of carbon, | 
nitrogen, and sulfur were employed in 
connection with a number of bio- 
chemical studies. 

17.9. For several years the applica- 
tion of isotopic tracers was restricted, 
for two main reasons: first, the number 
of stable isotopes that had been con- 
centrated was very small; and second, 
although many radioactive isotopes 
were known, only very limited amounts 
were obtainable, and then only by 
those who had access to a cyclotron, - 
or other particle accelerator, or to & 
strong source of, neutrons. Since 1946, 
the situation has changed completely ; 
stable isotopes of about 60 elements, 
including deuterium, carbon-13, nitro- 
gen-15, and oxygen-18, are now readily 
available. Many radioisotopes which 
had previously been obtained in the 
merest traces are now being made 
in appreciable quantities by various — 
neutron reactions, using the intense 
neutron flux of nuclear reactors. In 
addition, a few radioisotopes are being - 


* In order to determine whether his landlady, in spite of her denials, was incorporating 
the remains of the Sunday pie in meals served later in the week, G. Hevesy made an experi- 
ment in 1911 which he later described as follows: “The coming Sunday, in an unguar 


moment, I 


added some active deposit of thorium [i.e., the decay products of thorium emana- 


tion] to the freshly prepared pie, and on the following Wedn y, with the aid of an electro- 
monstrated to the landlady the presence of the active material in the soufHé." 


scope, I dei 
Although this is sometimes quoted as the firs! 


| this is t t tracer ex] 
such; he said “it was just a radioactive measurement li 


riment, Hevesy did not regard it as 
many hundred done before.” 
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extracted from the fission products. | first sight, to be preferable. But it 


Some useful radioactive nuclides can- 
not be conveniently derived from 
néutron reactions, and they are made 
by irradiation of a suitable element 
with accelerated particles from a 
cyclotron, or similar device. 

17.10. When the decision is made to 
undertake an experimental investiga- 
tion requiring the use of an isotope 
-of a particular element, there is fre- 
quently, although not always, a choice 
possible ‘between a stable and a radio- 
active isotope. This is the case, for 
example, with carbon for which the 
stable C as well as the radioactive 
uC and MC are available. The final 
selection will be determined by a num- 
ber of considerations, which can be 
indicated by reviewing the advantages 
and disadvantages of stable and un- 
stable nuclides as tracers. 

17.11. The main point in favor of 
the employment of radioisotopes is 
their ease of detection, and even of 
quantitative determination, in ex- 
tremely small amounts by utilizing 
the ionizing, scintillation, or other 
effects of the emitted radiations (Chap- 
ter 7). On the other hand, the spon- 
taneous decay of the radioactive nuclei 
means that the amount of the tracer is 
steadily decreasing, so that observa- 
tions of long duration may not be pos- 
sible. As a very rough generalization, 
a radioisotope is effectively useful in a 
given experiment lasting about ten 
times the half-life. Before the discovery 
of carbon-14, the only known radio- 
active isotope of carbon was "C, with 
a half-life of only 20.5 min. All opera- 
tions with this isotope, including the 
preparation of suitable compounds for 
study, had to be carried out in a period 
of not more than about 3 hours. 

17.12. Where there is a choice be- 
tween a short-lived and a long-lived 
isotope, the latter would appear, at 


must be remembered (§ 8.71) that 
there is an approximate inverse rela- 
tionship between the life of a radio- 
nuclide and the energy of the emitted 
beta particle. A long-lived isotope, 
such as carbon-14, with a half-life of 
5730 years, expels beta particles of 
low energy (and short range) which 
are not easy to detect. This difficulty 
is, fortunately, not insuperable, and a 
number of methods have been devised 
for adapting conventional devices for 
counting "soft" beta particles of low 
energy and weak penetrating power. 

17.13. Another aspect of the use of 
radioisotopes as tracers is the possible 
harmful effects of the radiations, both 
on the operating personnel and on liv- 
ing organisms that may form the sub- 
jects for biological studies. Methods 
of protecting the workers have been 
devised, and provided the recognized 
precautions are taken, as described in 
Chapter 18, all danger can be avoided. 
In this respect isotopes, e.g., carbon-14, 
which emit beta particles of low energy 
and no gamma rays sometimes present 
an advantage, since protection from 
the external effects of the radiation is 
relatively simple. Care must, of course, 
be exercised in the introduction of 
radioisotopes into the body; some, 
radiocarbon for example, are distrib- 
uted throughout the tissues, whereas 
others, notably iodine and calcium, 
tend to be fixed in particular parts of 
the organism (§ 18.17). By keeping 
the quantity of radioactive material 
below certain specified limits, depend- 
ing on the half-life of the isotope and 
the ease with which it is eliminated 
from the body, the possibility of dele- 
terious effects due to radiation can be 
obviated. 

17.14. The great advantages of sta- 
ble isotopes is their permanency, so 
that they are invaluable for experi- 
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ments which require considerable time 
for completion. Further, provided only 
smal] amounts of the tracer isotope are 
introduced, the physiological effects on 
a living organism will be negligible. 
The use of stable isotopes is restricted 
to a great extent by the necessity of 
employing a mass spectrometer for 
their detection. It is true that this 
instrument has been greatly improved 
and its operation simplified, but it is 
still more expensive and complicated 
than the common detectors of beta and 
gamma radiations. In general, there- 
fore, it may be stated that, because 
of its ease of detection in extremely 
small amounts, and the consequent 
possibility of using high dilutions, 
preference would be given to a radio- 
isotope, if one suitable for the required 
purpose could be obtained. 

17.15. In certain instances, the na- 
ture of the experiment is such that it 
cannot be completed in a short time. 
Oceasionally, too, complicated mole- 
cules are needed, and the process of 
synthesis may take several weeks or 
months. By the time the compound 
has been prepared, the activity of the 
material may have decayed to a neg- 
ligible amount and it will be contami- 
nated, in any event, by what may be 
an undesirable daughter element. The 
discovery of the long-lived carbon-14 
has been a great boon, but unfortu- 
nately the situation is not so satisfac- 
tory with regard to the biologically 
important elements nitrogen and oxy- 
gen, and also, but to a lesser extent, 
with phosphorus and sulfur. The 
longest-lived radioisotopes of nitrogen 
and oxygen, ?N and “0, have half-lives 
of 10.1 min and 2.1 min, respectively; 
these are so short that the isotopes 
mentioned can be used only in experi- 
ments which can be completed in a 
very short time, and even then only 
when the source of the isotope is close 


Sourcebook on Atomic Energy 


Chap. 17 


at hand. Consequently, the stable: 
isotopes, nitrogen-15 and oxygen-18,. 
which are available in fair quantities 
are commonly employed as tracers for 
these elements. 3 


Specrric Activity; THe CumiE 


17.16. The extreme sensitivity of 
the radioactive tracing procedure can. 
be readily understood by considering 
some simple calculations. According to 
equation (5.1), the rate of disintegra- 
tion of a radioelement is equal to AN, 
where à is the decay constant and N^ 
is the number of atoms of the element: 
present. If each disintegration may be 
supposed to be accompanied by the 
expulsion of a single particle, e.g., & 
beta particle, then AN is also the rate 
at which such particles are expelled 
from the N atoms of radioactive ma 
terial. By equation (5.9), the decay 
constant À may be replaced by 0.693/T, 
where T is the half-life of the radio- 
nuclide; hence, 


Rate of emission _ 0.693N. 
of particles T 


If T is expressed in seconds, then this 
equation gives the emission rate in 
terms of the number of particles ex- 
pelled per second from N atoms of the 
given nuclide. 

17.17. A particle counter, such 88 
an ionization device or a scintillation 
counter, can, in principle, detect a sin- 
gle particle. But if reasonably accurate 
results are to be obtained, the count- 
ing rate must be appreciably greater” 
than the “background” value due tO 
extraneous causes, such as cosmic rays 


(17.1) 


unless special precautions are taken, 
something like 10 percent of the parti- 
cles from a given source will actually 


f 
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enter the counter; and hence it may be 
supposed that a quantity of radio- 
active material emitting particles at 
the rate of approximately 200 per 
minute, or about 4 per second, is the 
smallest amount that can be measured 
satisfactorily. 

17.18. Consequently, the expression 
in equation (17.1) may be set equal to 
4 per second, and the resulting value 
of N, i.e. 

4T 

N 0.693 6T atoms, 
then gives, roughly, the minimum 
number of radioactive atoms, having a 
half-life of T seconds, which can be 
conveniently detected. In order to see 
what this quantity implies in grams of 
the isotope, the result given by equa- 
tion (17.2) should be multiplied by the 
mass number A, and divided by the 
Avogadro number, 6 X 10? (§ 1.56). 
In this manner it is found that the 
minimum weight of a radioactive 
species capable of detection can be 
Hier in the following approximate 
orm: 


Minimum detectable weight 
= 10-?TA gram. (17.3) 


The smallest mass of a particular 
radionuclide which can be used in a 
tracer experiment is thus proportional 
to its half-life and to its mass number. 
The shorter the half-life and the lower 
the mass number the smaller will be 
the minimum weight suitable for con- 
venient detection. 

17.19. The general order of magni- 
tude of these minimum weights may 
be seen by considering two species 
which have been widely used as tracers, 
namely, carbon-14, which has a long 
life, and phosphorus-32, with a rela- 


(17.2) 


669 


tively short life. The half-life 7 of 
radiocarbon-14 is about 5730 years, 
i.e., 1.8 X 10! sec, the mass number 
A is 14, and so the minimum detectable 
weight of this isotope is found from 
equation (17.3) to be close to 2 X 10-" 
gram. For 14.3-day phosphorus-32, on 
the other hand, the half-life T is 
roughly 1.3 X 10* sec and the mass 
number A is 32, so that the smallest 
weight which could be conveniently 
measured in an ionization counter is 
about 4 X 10-5 gram. It is evi- 
dent, therefore, that extremely small 
amounts of a radioactive tracer, which 
are much too small for observation in 
any other way, can be detected by 
means of a suitable particle counter. 

17.20. The material used for tracer 
work rarely, if ever, consists of the 
pure radioisotope. The required nu- 
clide can usually be freed from other 
elements, but separation from stable 
isotopes of the same element is in 
most cases a matter of great difficulty. 
The proportion of the active species 
is frequently expressed in terms of 
the specific activity of the material, 
defined as the ratio of the number of 
atoms of the given radioactive isotope 
to the total number of atoms of the 
same element. The specific activity, 
as defined in this manner, is thus the 
fraction of the given element that is 
present in the form of the particular 
radioisotope. In order to avoid un- 
desirable addition of large amounts of 
stable nuclides to a system under in- 
vestigation, attempts are made to have 
the specific activity as high as con- 
venient, especially in metabolie stud- 
ies with small animals. 

17.21. For practical purposes, an- 
otber quantity, also called the specific 
activity," is used to express the rate 


* It is unfortunate that the same term is used for the two quantities, which are quite dif- 


ferent, althou; 


relying upon the units to distinguish them. 


they are related to one another. Some writers use the two indiscriminately, 
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at which unit weight of radioactive 
material decays or, in other words, to 
indicate the rate at which it emits 
charged particles. Since the detection 
of the radionuclide depends on these 
particles, this form of the specific ac- 
tivity gives a more useful practical 
indication of the amount of the tracer 
element present in a particular speci- 
men. In order to understand the al- 
ternative definition it is necessary to 
consider the unit called the curie, 
which is frequently encountered in 
radioactive studies. The curie is de- 
fined as the quantity of any radio- 
active material giving 3.700 X 10” 
disintegrations per second.* Two sub- 
sidiary units, representing smaller 
amounts of active material are the 
millicurie, which is a one-thousandth 
part of a curie and a microcurie, repre- 
senting a one-millionth of a curie; 
these would correspond to amounts of 
active material producing 3.700 X 107 
and 3.700 X 10* disintegrations per sec- 
ond, respectively. The spetific activity 
of a given substance is then expressed 
as the number of curies (or millicuries) 
per gram (or per milligram) of the 
element present, the weight to include 
both active and stable isotopes. On this 
basis, the specific activity of pure ele- 
mental radium is 1 curie per gram. 
17.22. The use of the specific activ- 
ity may be illustrated by reference to 
an example. The important isotope 
phosphorus-32, which is used exten- 
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* At the Radiology Congress held in Brussels in 1910, it was decided to give the name 
"curie" to the quantity of radium emanation (radon) in equilibrium with 1 gn 
In 1930, however, the International Radium Standard Commission extende 

80 that the curie became the equilibrium quan. a y 
i gram of radium undergoes about 3.7 X 10! disintegrations per second, the definition © 
the curie in the text came into general, but unofficial, use. In 1948, the 
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sively in medical studies, is availabl 
commercially as a product having & 
specific activity of 50 millicuries pe 
gram. This means that for every g 
of total phosphorus in the material 
there are 50 X 3.7 X 10’ = 1.85 X 10 
disintegrations taking place per second, 
i.e., 1.85 X 10° ‘beta particles are exe 
pelled per second. Since an emission 6 
4 particles per second can be detecte 
conveniently, a quantity of this mae 
terial containing 1 gram of total 
phosphorus would go a long way 
performing tracer experiments. 
17.23. In order to determine the 
specific activity of a particular prod: 
uct according to the definition. jusi 
given, use may be made of equation 
(17.1). If N is taken as the number of 
atoms in 1 gram of a radionuclide, i.e, 
the Avogadro number, 6.02 X 10%) 
divided by the mass number A, then: 
this equation gives the rate of disinte- 
gration of 1 gram of the pure isotope, 
thus, replacing N by 6.02 X 10%/A, i 
follows that ` 


Rate of disintegration per gram of 
0.693 X 6.02 X 10% a. 
TA E 


Upon dividing this by 3.70 X 10”, and 
expressing the half-life T in seconds; 
the result is the specific activity. 


nuclide — 


thus, making the appropriate cale 
tion, it is found that 


tity of any decay product of radium. Since” 


Committee on St 


ards and Units of Radioactivity of the National Research Council (United States) 


mended that this definition of the curie be made official. At the same time, the Commi 
posal made by E. U. Condon and L. F. Curtiss of the U. 

n of Standards in 1946, that the term "rutherford" be used to desi 

quantity of radioactive material giving 10* disintegrations pe 

venience of this latter unit, there seems to be little inclination for its adoption as an alter- 

native to the curie. , 


favored the adoption of th 
National Bureau ns | 


r second. In spite of the con- 
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Specific activity of pure nuclide = 
1.13 X 10" 
M TUUS (17.5) 


The specific activity in curies per gram 
of the pure nuclide is seen to be 
inversely proportional to both the 
half-life and the mass number. 

17.24. To return to the particular 
case of phosphorus-32, for which the 
mass number A is 32 and the half-life 
T is 1.3 X 10* seconds, it is found from 
equation (17.5) that the specific activ- 
ity of pure phosphorus-32 is 2.7 X 10* 
curies per gram.* The specimen re- 
ferred to above has an activity of 50 
millicuries, i.e., 0.05 curie, per gram of 
phosphorus so that the actual weight 
of phosphorus-32 is 0.05/2.7 X 10 = 
1.8 X 107 gram. Consequently, for 
each gram of total phosphorus, includ- 
ing both active and stable isotopes, 
there is present only 1.8 X 1077 gram 
of phosphorus-32. This extremely small 
quantity is nevertheless adequate for a 
considerable amount of tracer work, 

‘since, as seen above, 4 X 107'* gram 
may be sufficient for a single determi- 
nation. The foregoing calculation has 
been presented in some detail, not only 
because it is the type of information 
often used in tracer work, but also 
because it indicates the minuteness of 
the amounts which can be employed. 


curies per gram. 


PRODUCTION or ISOTOPES 


17.25. Many isotopes have been 
used as tracers or as sources of radi- 
ation. Most of the stable isotopes have 
been obtained by the electromagnetic 
separation procedure ($6.90). The 
chief exceptions are deuterium, car- 
bon-13, nitrogen-15, and oxygen-17 
and -18. The production of heavy 


* It should be noted that the 
is considerably ter 


ific activity of pure m iospho: ies 
that of radium itself; because of its considerably longer 
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water (deuterium oxide), which is the 
source of essentially all the deuterium 
used in tracer studies, is described in 
§ 6.118 et seg. The stable isotopes of 
carbon and nitrogen have been concen- 
trated by chemical exchange methods 
(cf. § 6.112 et seg.), whereas nitrogen-15 
and oxygen-17 and -18 are obtained by 
distillation processes (§ 6.107 et seq.). 

17.26. Significant quantities of the 
radioisotopes strontium-90, cesium- 
137, cerium-144, and promethium-147, 
and smaller amounts of molybde- 
num-99 and iodine-131, in particular, 
are extracted from fission products. 
However, the majority of radionuclides 
used in various practical applications 
are formed by reactions with slow 
neutrons in nuclear reactors. The 
product is then, except in a few special 
cases mentioned below, an isotope of 
the target element with a mass number 
one unit higher than the nuclide which 
captures the neutrons, and it is gener- 
ally, although not always, a negative 
beta-emitter ($11.48). Some useful 
isotopes (and their half-lives) obtained 
by (n,y) reactions are the following: 
sodium-24 (15 hours) from sodium- . 
23, phospborus-32 (14.3 days) from 
phosphorus-31, ealeium-45 (164 days) 
from calcium-44, iron-59 (45 days) from 
iron-58, cobalt-60 (5.26 years) from co- 
balt-59, zinc-65 (245 days) from zinc-64, 
and iodine-128 (25 min) from iodine- 
127. 

17.27. Threeradioactive species used 
as tracers, namely tritium, carbon-14, 
and sulfur-35, are conveniently pro- 
duced in nuclear reactors by reactions 
other than radiative capture. Tritium 
(12.26 years) is made by the (n,a): re- 
action of slow neutrons on lithium-6 
($11.58), whereas carbon-14 (5730 


rus-32, expressed in curi 


[sts ife, the specific seil of pure carbon-14 is only 5 curies per gram. 
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years) and sulfur-35 (87.2 days) result 
from (n,p) reactions with nitrogen-14 
and chlorine-35, respectively. A few 
isotopes are obtained as a consequence 
of secondary processes in a nuclear 
reactor. For example, if the target con- 
tains lithium and oxygen, the tritium 
formed in the (n,o) reaction with 
lithium-6 subsequently interacts with 
oxygen-16 to yield fluorine-18 (110 
min) by the (t;n) reaction. Of course, 
if an accelerator capable of producing 
energetic tritons were available, fluo- 
rine-18 could be produced by direct 
interaction with the oxygen. 

17.28. With some elements, neutron 
reactions do not yield radioisotopes 
that are suitable for tracer work, e.g., 
because their half-lives are either too 
long or too short. In these circum- 
stances, reactions with accelerated par- 
ticles are often employed to produce 
isotopes that are more satisfactory for 
the required purpose. For example, 
accelerated deuterons are used to 
obtain carbon-11 (20.5 min) from 
boron-10, oxygen-15 (124 sec) from 
nitrogen-14, and iodine-125 (60 days) 
from tellurium-124 by (d,n) reactions. 
Other products of deuteron reactions 
are sodium-22 (2.6 years) from mag- 
nesium-24 by the (d,a) reaction, chlo- 
rine-38 (37.5 min) from chlorine-37 by 
the (d,p) reaction, and manganese-52 
(5.6 days) from chromium-52 by the 
(d,2n) reaction. The (a,n) reaction with 
accelerated alpha particles has been 
employed for the production of nitro- 
gen-13 (10 min) from boron-10 and 
potassium-38 (7.7 min) from chlo- 
rine-35; the (o,2n) reaction, on the 
other hand, yields iron-52 (8.3 hours) 
from chromium-50. The products. of 
charged-particle reactions commonly 
decay either by the emission of a posi- 
tive beta-particle or by orbital electron 
capture. These processes are conse- 
quently accompanied by annihilation 
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gamma rays (§ 3.89), in the former 
case, or by characteristic X-rays 
(§ 10.140), in the latter. As a result, 
the isotopes are easy to detect at a dis- 
tance; this is an advantage if the tracer 
is present in an organ within the body 
of a human being or an animal. 

17.29. In certain instances, even 
when a particular radioisotope can be 
obtained by the (n,y) reaction with 
slow neutrons in a nuclear reactor, 
bombardment with accelerated charged 
particles or with fast neutrons may be 
preferred. The reason is that the prod- 
uct of the (n,y) reaction is isotopic with 
the target element and ‘separation of 
the radioisotope, which might be de- 
sirable in order to increase the specific 
activity, is then possible only in special 
cases (8 17.34). The same situation also 
arises in any charged-particle reaction 
in which the ejected particle is isotopic 
with the bombarding particle, e.g., in 
(d,p), (d,t), (p,d), ete., reactions. Con- 
sequently, if a product of high specific 
activity is required, the nuclear reac- 
tion used to obtain it should involve a 
different target element; separation is 
then possible by one or other of the 
procedures described in $ 17.33. 

17.30. Radioisotopes of short half- 
life, e.g., a few hours or less, have ad- 
vantages for use as biomedical tracers; 
in the first place, satisfactory observa- 
tions can be made with very small 
amounts of the radioactive material in 
the body and, in the second place, the 
rapid decay permits the repetition of 
experiments at frequent intervals. If 
there is ready access to a nuclear reac- 
tor or an accelerator, as is the case in 
some medical research installations, 
many short-lived isotopes can be pre- 
pared as required. Most hospitals, 
however, do not have such facilities 
and in these circumstances radionuclide 
generators, popularly referred to as 
‘isotope cows,” developed at Brook- 
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haven National Laboratory, are prov- 
ing useful. Several are now available 
from industrial and other sources. 

17.31, A radionuclide generator con- 
sists of a parent radioactive species of 
relatively long half-life which produces 
the desired short-lived daughter nu- 
clide when it decays. One example of 
such a system is molybdenum-99, with 
a half-life of 67 hours, which decays to 
yield the isomeric state of tech- 
netium-99, with a half-life of 6 hours 
(cf. § 16.105); the latter is very useful 
in medical research. In general, if the 
radioactive daughter element is not 
removed, it decays with its normal 
(short) half-life, but it is simultane- 
ously regenerated by the decay of the 
parent. A condition of secular equi- 
librium (§ 5.42) is then established and 
the quantity of the daughter ‘nuclide 
decreases slowly; the apparent rate of 
decay is, in fact, that of the longer 
lived parent. If the daughter nuclide 
is separated from the parent, it is soon 
regenerated by the decay of the latter. 
Thus, the system provides a continu- 
ous source of the short-lived daughter 
radionuclide as long as any of the 
parent remains. Some examples of 
parent-daughter combinations, in addi- 
tion to the molybdenum-99 and tech- 
netium-99m* pair mentioned above, 
that have been used in radionuclide 
generators, with the respective half- 
lives, are as follows: magnesium-28 
(21.3 hours) and aluminum-28 (2.3 
min); germanium-68 (250 days) and 
gallium-68 (68 min); yttrium-87 (80 
hours) and strontium-87m (2.8 hours) ; 
tin-113 (118 days) and indium-113m 
(1.7 hours); and cesium-137 (30 years) 
and barium-137m (2.6 min). 

17.32. A common type of isotope 
generator consists of a small vertical 
tube, two or three inches (or less) 
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in length, containing a short column 
of a packed porous material, such as 
alumina (AlO;) or asbestos, which 
contains the parent radionuclide in 
the form of a suitable compound. 
The daughter isotope is then eluted 
(“milked”) by pouring an appropriate 
liquid reagent through the column of 
material. In the technetium-99 isomer : 
generator, for example, molybdenum- 
99, in the form of the trioxide or as a 
molybdate, is deposited on alumina 
powder. The technetium-99m can then 
be eluted by means of a dilute solution 
of sodium chloride or hydrochloric 
acid. The generator ("cow") recovers 
half its technetium-99m activity in 
about 6 hours after being milked; the 
complete activity, which is somewhat 
less than the original value because of 
the decay of the molybdenum-99 
parent, is restored in some 23 hours. 
17.33. Radionuclides produced by 
bombardment with charged particles 
or neutrons, as most are, are usually 
present in relatively small proportions 
in the target material. It is frequently 
desirable, therefore, to concentrate the 
required species in order to increase the 
specific activity of the product. If the 
element resulting from the bombard- 
ment process differs from the target 
element, the problem of separation is 
not difficult. This is the case, for exam- 
ple, in most charged-particle reactions, 
with the few exceptions given earlier. 
The concentration of the desired nu- 
clide can then be achieved by the 
standard methods of radiochemistry 
(§§ 5.29, 13.87). Among the procedures 
which are possible are precipitation 
with a small amount of a carrier, which . * 
might be a stable isotope of the product 
element if no suitable nonisotopic 
earrier can be found, extraction by 
means of a solvent, volatilization, 


* The letter m following the mass number indichtes an isomeric (or metastable) state, as 


mentioned in $ 10.150. 
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electrodeposition, displacement of one 
metallic element by another, and ion 
exchange. 

17.34. As the majority of slow-neu- 
tron reactions are of the (n,y) type, 
the product is isotopic with the target 
material, and none of these separation 
methods can be employed. There is, 
however, one interesting phenomenon, 
discovered in England by L. Szilard 
and T. A. Chalmers in 1934, which has 
been utilized to some extent to separate 
the radioactive product of an (n,y) 
reaction from the target material. The 
emission of the gamma-ray photon 
following the capture of a neutron 
causes the residual nucleus to recoil; 
the recoil energy is often sufficient to 
break the chemical bond attaching this 
particular atom to the remainder of the 
molecule. The product atom, although 
isotopic with the target atom, will thus 
be in a different chemical form, and a 
separation from the original material 
becomes possible. For example, if an 
aqueous solution of sodium chlorate 
(NaCIO;) is subjected to the action of 
slow neutrons, the reaction *Cl(n,y)**Cl 
takes place, but many of the chlo- 
rine-38 atoms formed are detached 
from the chlorate and pass into solu- 
tion as chloride ions.* By adding a 
small amount of inactive chloride to 
the solution and precipitating with 
silver nitrate, the resulting silver chlo- 
ride is found to carry nearly the whole 
of the chlorine-38 activity. Additional 
eases of similar behavior have been 
observed with other halogen deriva- 
tives, such as ethyl iodide, in which 
the effect was first observed by Szilard 
and Chalmers, and also with manga- 
nese and arsenic compounds, 

17.35. It is not certain that the sep- 
aration by recoil, accompanying the 
(n,y) process as described above, is 
effective under the conditions existing 
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in the fission-chain reactor. Fortu- 
nately, the neutron flux in the nuclear 
reactor is so high that reasonably high 
activities can be obtained by direct 
irradiation with neutrons. In some 
cases, however, the exposure to neu- 
trons must be continued for a con- 
siderable time in order to obtain the 
desired specific activity. 


SYNTHESIS or LABELED COMPOUNDS 


17.36. In much of the work in which 
an isotope is used as a tracer it is 
necessary to introduce the tracer ele- 
ment into a certain compound to be 
studied. Sometimes all that is being 
determined is either the path or the 
distribution of a particular element or 
compound in an organism. For exam- 
ple, it may be required to ascertain 
the manner in which a. particular ele- 
ment, such as phosphorus, is taken up 
by a plant. In cases of this kind, it is 
a relatively simple matter to prepare 
the desired compound containing & 
suitable proportion of the tracer iso- 
tope. In many biochemical investiga- 
tions, however, the object of the study 
is to determine the fate of different 
portions of a given compound; it is 
then essential that the tracer atom be 
inserted in a definite position, thus 
labeling that part of the molecule. 
The preparation of labeled compounds 
has become an important aspect of 
tracer studies, and the methods used 
to introduce an isotopic atom at a 
particular point have required con- 
siderable ingenuity. 

17.37. Because of the possible radi- 
ation hazard, it is usual to work with 
quite small quantities in a closed, gas- 
tight system. If the nuclide being 
employed as the tracer has a short 


| half-life, the difficulties are increased. 


In some instances, months have been 
Spent working with inactive material, — 


* This is an example of a “hot atom” reaction (§ 10.155 footnote). 
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developing a suitable technique which 
will permit a desired product contain- 
ing an active isotope to be prepared in 
a few minutes. Where rapid synthetic 
procedures have not proved feasible, 
and a long-lived radioisotope is not 
available, the only alternative is to 
make use of a stable isotope as the 
tracer. 

17.38. Before the discovery of the 
long-lived carbon-14, the only radio- 
active isotope of carbon suitable for 
tracer studies was the 20.5-min car- 
bon-11, yet organic chemists were able 
to prepare a number of compounds, 
with the active carbon atoms in pre- 
cisely defined positions. The availa- 
bility of carbon-14 has changed the 
situation, and although it is still 
necessary to work with small quanti- 
ties, the time factor is no longer a 
limitation. At present, many labeled 
organic compounds can be purchased 
commercially. A few simple examples 
of synthesis will be outlined here to 
indicate the type of procedure adopted 
in the preparation of such compounds. 
Because of the necessity for preventing 
loss of the active material, the various 
stages are chosen so as to give the 
highest possible yields of the prospec- 
tive products containing the radio- 
active carbon. 

17.39. Consider, for simplicity, 
the familiar compound acetic acid, 
CH,COOH; it has been prepared in 
three isotopic forms, one with car- 
bon-14 labeling the methyl carbon 
atom, another with the carboxyl 
carbon labeled, and a third-with mole- 
cules in which both carbon atoms were 
tagged with the radioisotope. The 
action of acid on barium carbonate 
containing earbon-14 yields carbon 
dioxide; this can’ be reduced catalyti- 
cally to methanol, by means of hydro- 


gen under pressure at a high tempera- |. 


ture. Upon treating with phosphorus 
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and iodine, methyl iodide is formed, 
which can be converted into methyl 
cyanide (acetonitrile) by ordinary 
sodium cyanide containing no radio- 
carbon; hydrolysis of the acetonitrile 
then produces acetic acid in which the 
methyl carbon is labeled. The series of 
reactions can be represented in the 
following manner, an asterisk being 
used to mark the position of the 
carbon-14 atom: 


* * * * 
BaCO; — CO; + CH,OH — CHI — 


CH,CN > CH,COOH. 


17.40. The action of potassium on & 
mixture of carbon dioxide and am- 
monia at 500°C yields potassium cy- 
anide; reaction with methyl iodide 
then gives acetonitrile, which can be 
converted into acetic acid as shown 
above. This series of processes may be 
used to prepare acetic acid with the 
carbon-14 atom in the earboxyl group; 
thus, 


* * * * 
C0,— KCN — CH;CN — CH;COOH. 


If the labeled potássium cyanide is 
made to interact with labeled methyl 
iodide, the resulting acetonitrile has 
carbon-14 in both carbon positions. 
Upon hydrolysis, acetic acid is ob- 
tained in which both carbon atoms are 


labeled. 

17.41. Considerable use has been 
made of syntheses with the Grignard 
reagent, i.e., alkyl (or aryl) magnesium 
halide, RMgX, where R is an alkyl 
or aryl group and X is a halogen. 
Reaction with isotopie carbon dioxide, 
followed by hydrolysis, yields a car- 
boxylic acid containing labeled carbon 
in the carboxyl group; thus, where R 
is the methy] group, the result is acetic 
acid obtained as follows: 


CH,MgBr + CO: — CH,COOH. 
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Other acids have been made in this 
manner and have been used to synthe- 
size a variety of compounds. 

17.42. One further reaction is worthy 
of mention. By heating barium carbon- 
ate with magnesium, barium carbide is 
formed, and this with water produces 
acetylene. If the original carbonate 
contained carbon-14, then both carbon 
atoms in the acetylene will be labeled. 
The isotopic acetylene is a very useful 
starting material for a number of 
syntheses. With water, in the presence 
of a catalyst, it gives acetaldehyde 
which can be reduced to ethanol or 
oxidized to acetic acid, and so on. 
Acetaldehyde is also a convenient in- 
termediate for the preparation of the 
biologically important lactic and pyru- 
vic acids. The action of ordinary potas- 
sium cyanide on labeled acetaldehyde, 
to form the cyanhydrin, followed by 
hydrolysis, gives lactic acid, by the 
following reactions: 
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nificant substances, such as hormones, — 
vitamins, alkaloids, and antibiotics, - 
which either cannot be synthesized at ' 
all, or can be synthesized only with - 
difficulty, by chemical methods. If a 
green plant is grown in the presence of 
carbon dioxide containing carbon-14, - 
the starch deposited is labeled with the 
isotope; acid hydrolysis then yields 
labeled glucose. The latter may be 
combined with unlabeled fructose, in 
the presence of a suitable enzyme, to 
yield sucrose in which only the glucose — 
portion contains the carbon-14 isotope. © 
Sucrose, in which both portions contain 
labeled carbon, can be extracted from 
sugar beets grown in the presence of ^ 
radioactive carbon dioxide. 

17.45. Starting with carbon dioxide 
or glucose a large number of acids can 
be prepared by biosynthesis using 
various bacteria. Among the com- 
pounds obtained are formic, acetic, 
propionic, butyric, valerie, and higher ` 


* * * * * * 
BaCO: — BaC; —^ CH=CH — CH;CHO — 


17.43. If it is desired to label the 
carboxyl carbon, then the same general 
reaction may be used except that the 
carbon-14 is in the potassium cyanide; 
the latter is prepared from labeled 
carbon dioxide in the manner indicated 
above. The reaction stages are then 


CH;CHO > CH,CH(OH)CN > 


B * 
CH;CH(OH)COOH. 


17.44, The method of biosynthesis, 
in which the synthesis of a desired 
organic compound is performed by a 
living organism, has been used for the 
preparation of various labeled mole- 
cules. This procedure can be applied 
to the production of biologically sig- 


* * * * 
CH;CH(OH)CN — CH;CH(OH)COOH. 


fatty acids, lactic and citric acids, and — 
several ketoacids. In addition to sub- 
stances with labeled carbon several 
amino acids, in which the nitrogen has - 
a higher proportion of the stable . 
nitrogen-15 than normal, have been — 
isolated from microorganisms grown in 
media containing excess of this isotope. 
17.46. Deuterium, the stable isotope 
of hydrogen, has been used frequently 
in tracer work as a means of labeling — 
a carbon atom to which it is attached. 
In many instances synthesis of a mole- 
cule containing a particular marked 
carbon atom is difficult, but it may be 
possible to label the atom by replacing 
one or more of its associated hydrogen 
atoms by deuterium. Further, since 
deuterium is relatively cheap, in com- - 
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parison with the chemically enriched, 
stable carbon-18, it may be used as a 
tracer for carbon where, for one reason 
or another, the employment of radio- 
active carbon-14 is not feasible. Many 
deutero-compounds have been pre- 
pared since 1932, when deuterium was 
first available in an enriched form. By 
acting on calcium carbide with heavy 
water (D20), dideuteroacetylene, CD, 
can be obtained, and this can be the 
starting point for numerous syntheses. 
In addition, the catalytic reduction of 
carbon monoxide or dioxide with deute- 
rium gas yields tetradeuteromethanol, 
CD;OD, which can be converted into 
CD,I by means of phosphorus and 
iodine, thus providing a useful method 
for labeling a methyl group. —' 

17.47. The addition of deuterium 
itself or of a deuterium derivative to 
a double bond of an unsaturated mole- 
cule is an obvious method for preparing 
deutero-compounds. This procedure 
has been used to label fatty acids for 
the study of fat metabolism (§ 17.67). 
Another possibility, which is sometimes 
practicable, is to make a direct ex- 
change of a hydrogen atom for a deute- 
rium atom in the presence of a suitable 
catalyst. A simple example is the partial 
conversion of ethylene (C2H,) into mon- 
odeuteroethylene (C:H;D) by passing 
a mixture of ethylene and deuterium 
over a nickel catalyst at 120°C. The 
hydrogen atoms in benzene or in a 
fatty acid may be replaced by deu- 
terium in a similar manner. 

17.48. As an alternative to deute- 
rium, use can also be made of the radio- 
active isotope tritium. Although. its 
beta radiation is very weak tritium 
can, nevertheless, be detected in smaller 
amounts than deuterium. Compounds 
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labeled with tritium ean be prepared 
by direet laboratory methods or they 
may be produced by biosynthesis, the 
organisms being supplied with water 
containing an appreciable proportion 
of tritium. Provided deuterium or tri- 
tium is used merely to label a carbon 
atom, the difference in reactivity from 
that of ordinary hydrogen is probably 
of little significance.* 

17.49. The fact that the exchange of 
one isotopie atom for another is some- 
times possible, points up the necessity 
for the exercise of caution in the per- 
formance of tracer experiments. The 
effect of isotopic exchange is most 
likely to be troublesome with deu- 
terium, especially if it is present in an 
—OD, —COOD, or —ND; group, but 
it may take place with other elements. 
If isotopic exchange does occur at an 
appreciable rate the results obtained 
may be completely misleading. Sup- 
pose, for example, the hydrogen atoms 
in the amino (—NH;) group of an 
amino acid were replaced by deu- 
terium in the hopes of tracing their 
chemical path (or that of the nitrogen 
atom) in a living organism. As soon 
as the acid labeled in this manner 
passed into aqueous solution, there 
would be an exchange between the 
deuterium in the amino group and the 
hydrogen in the water. Consequently, 
the latter would automatically be 
found to contain deuterium, irrespec- 
tive of any role that might be played 
by the organism. If the possibility of 
exchange were not realized, the almost . 
immediate appearance of deuterium in 
the water would lead to the erroneous 
conclusion that the organism rapidly 
oxidizes the hydrogen of the amino 
group to form water. 


* Appreciable concentrations of heavy water (in ordinary water) are known to be harmful 


to living 61 


because the processes n 


for the maintenance of life 


occur at EAEan AEE, This effect would be even more marked with tritium, apart from the 


radioactivity of the latter. Care must therefore be 


‘drogen isotopes in biological processes. 


in interpreting experiments with 


i 
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TRACER TECHNIQUES IN 
BIOLOGICAL SYSTEMS 


17.50. Some of the most important 
isotopic tracer studies have been made 
with living organisms, One type: of 
investigation is to determine the man- 
ner in which a particular ingested 
element distributes itself in various 
parts of the organism. For example, 
an animal may be fed an amino acid 
with labeled nitrogen, and then the 
amounts present in several organs, 
such as the kidneys, liver, heart, and 
lungs and in the blood, may be deter- 
mined after the lapse of a certain time. 
This work can be carried a stage fur- 
ther, by a more detailed analysis which 
will reveal how much of the labeled 
nitrogen is present in the form of a 
particular amino acid in various parts 
of the organism. A search for inter- 
mediate compounds containing the 
isotopic tracer may throw light on the 
mechanism of the processes taking 
place. Similar observations can be 
made with other elements, such as 
carbon and oxygen, and with green 
plants and bacteria as well as with 
animals. 

17.51. When a stable isotope is used 
as the tracer, analysis is usually car- 
ried out by means of the mass spec- 
trometer, as stated in § 17.14, but with 
deuterium density measurements may 
be employed, thus simplifying the ex- 
perimental technique. The material 
containing the deuterium is burned in 

. & current of oxygen and the resulting 
water is collected and its density deter- 
mined. Since the density of heavy 
water is about 10 percent greater than 
that of ordinary water, the presence 
of a very small excess of deuterium 
can be detected. Satisfactory measure- 
ments can be made with less than 0.1 
gram, but this quantity, although not 


Sourcebook on Atomic Energy 


Chap. 17 


large, is much more than is necessary 
for the detection of a radioisotope. 
17.52. In biological work with stable 
isotopes, the analyses are generally 
performed on post-mortem specimens. 
Many radioactive tracers, however, ~ 
provide the possibility of studying the ^ 
distribution of the elements in the - 
organism while it is still living. To be 
useful for this purpose, the radionuclide ^ 
must produce radiations that can be 
detected outside the body; it must, 
therefore, either emit gamma rays 
directly or it should exhibit positive - 
beta-decay or orbital-electron capture ` 
and thus be detectable by the associ- 
ated radiation (§ 17.28). The ‘earliest 
experiments, in 1936, on the movement 
of radioisotopes within the body and 
their concentration in particular or- 
gans, e.g., iodine in the thyroid gland, 
were made with Geiger counters which 
indicated the general location of the 
radioactive species. With the develop- 
ment of highly sensitive detectors, such 
as scintillation counters, it has been 
possible not only to reduce the amount: 
of radioisotope used but also to design 
scanners with which to determine its 
detailed distribution within a particu- 
lar region (or organ) of the body. 
17.53. Radioisotope scanners, which 
scan the whole body or a limited part, 
are of several different types. Basically, 
however, all scanners consist of a sensi- 
tive gamma-ray detector (or detectors) 
combined with a collimating system. 
The latter is commonly a layer of lead 
(or of other metal of high density and 
high atomic number, e.g. gold or 
tungsten) penetrated by a number of 
holes; its purpose is to allow radiation 
only from a small restricted area (or 
areas) to enter the detector. By moving 
the detector system in a regular pat- 
tern over the whole body or over 8 
particular part of the body, e.g., the 
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brain, liver, kidney, thyroid gland, etc., 
the distribution of the radioisotope can 
be determined. For whole-body scan- 
ning, it is the usual practice to use an 
array of detectors and collimators 
which is moved at intervals across the 
body or which views the whole region 
simultaneously. As each section is 
scanned, the body (or the detector 
array) is moved lengthwise in stages 
until the whole body has been covered. 

17.54. The output of the scanning 
detector system can be displayed in 
various ways. One of the first scanners, 
for example, produced dots (or short 
lines) on a sheet of paper by means of 
a mechanical device; the density of the 
dots is proportional to the quantity of 
radioactive material present in each of 
the small areas exposed to the detector. 
In another type of scanner the output 
is a flash of light with an intensity 
directly related to the amount of radi- 
ation received by the detector. The 
light flash is recorded on a sheet of 
photographic film which, after devel- 
opment, shows the distribution of the 
radioisotope over the area scanned. In 
a modification of this system, the vari- 
ations in the radiation distribution are 
indicated more clearly than in black 
and white by utilizing eight different 
colors to represent different intensities. 
Mention may also be made of a scanner 
giving an output as a number propor- 
tional to the intensity of the radiation 
received from each small area. 

17.55. If the radioisotope whose dis- 
tribution is being studied is a positron 
emitter, the use of a collimator can be 
avoided. The operation of a positron 
scanner is based on the fact that annihi- 
lation of a positron, when it encounters 
an ordinary electron, is accompanit 
by. the emission of two 0.51-MeV 
gamma-ray photons in opposite direc- 
tions ($3.89). Two detectors, eg. 
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scintillator crystals, placed on opposite 
sides of the organ being scanned, are 
connected with a coincidence circuit. 
This circuit responds only when 0.51- 
MeV photons enter both detectors 
almost simultaneously. Thus, apart 
from a few fortuitous counts, the sys- 
tem will record only positrons emitted. 
from a small area of the body close to a 
line joining the two detectors, just as 
if a collimator were being used. Scan- 
ning is then accomplished by moving 
the pair of detectors across the organ 
under observation. In the multiple- 
detector positron scanner, which has 
been developed for locating brain 
tumors, readings are obtained’ simul- 
taneously from several pairs of detec- 
tors placed around the head (Fig. 17.1). 

17.56. With the exception of the 
multiple-detector scanner, the devices 
described above suffer from the draw- 
back that the back-and-forth motion 
of the detector over the area under 
examination takes a significant time, 
commonly up to an hour in duration. 
During this period, a short-lived iso- 
tope will suffer considerable decay and, 
in any event, there may be changes in 
its distribution. In the so-called scintzl- 
lation camera a single observation ig 
made of the radiation coming from all 
parts of the region containing a gamma- 
emitting radionuclide. A simple form 
of such a camera consists of a small 
hole in a lead shield which acts like a 
pinhole camera and produces an in- 
verted gamma-ray “image” on a large 
crystal, up to a foot in diameter, of 
sodium iodide scintillator (§ 7.52). An 
array of photomultiplier tubes behind 
the crystal detects the scintillation 
flashes and corresponding points of 
light are formed on an oscilloscope in 
the same relative positions as the 
flashes in the crystal. A photograph of 
the oscilloscope display, with an ex- 
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posure of a few minutes, then shows 
the distribution of the radioisotope in 
the part of the body viewed by the 
camera. Several such photographs 
taken at short intervals will indicate 
how the distribution varies with time. 
In forms of the scintillation camera 
designed for studying larger organs, a 


Fig. 17.1. Arrangement of scintillation MERE for Md bent ing rookhaven — 
National Laboratory) E. 


collimator of lead (or other metal) with 
many small holes replaces the single- 
pinhole camera. Only those gamma 
rays traveling nearly parallel to the 
holes pass through and produce an 
"image" in the corresponding scintil- 
lator crystals, whereas the others are 
absorbed by the material of the col- 
limator. 

17.57. The positron scintillation cam- 
era, like the positron scanner, requires 
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no collimation system. A large image- 
detecting crystal, with its associated © 
photomultiplier tubes, is placed as 
close as possible to the organ under? 
examination and on the other side of | 
the body there is an array of small 
(focal) scintillation counters. When) 
one annihilation gamma-ray photon en= 


ters one of the focal counters while the © 
other strikes the image-detecting crys- 
tal, a coincidence circuit responds to” 
the simultaneous events. The scintil- 
lation in the image detector is then 
displayed on an oscilloscope, whereas ^ 
all other (spurious) scintillations are” 
rejected. The focal counters and the” 
coincidence circuit thus select from the. 
many scintillations in the image detec- ^ 
tor only those which represent the 
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distribution of radioactivity in the part 
of the body covered by the image- 
detecting crystal. 

17.58. For some medical studies it is 
desirable to know the total amount (or 
body burden) of gamma activity or of 
a particular gamma-ray emitter pres- 
ent in the body. Such measurements 
are made by means of a whole-body 
counter, of which there are three main 
types. By far the most common type, 


Fie. 17.2. Whole-body counter. (Argonne National Laboratory) 


developed at the Argonne National 
Laboratory, consists of a large crystal 
of sodium iodide scintillator which is 
suspended so as to be approximately 
equidistant from all parts of the body 
of a human subject (Fig. 17.2). Since 
the detector is on one side of the body, 
it detects only part of the gamma radi- 
ation emitted. Provided standard con- 
ditions, e.g., distance of the detector 
from the body, are used, the output of 
the scintillator crystal is directly pro- 
portional to the gamma activity of the 
whole body. The reading may be multi- 
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plied by a known factor, if required, to 
give the actual body burden, i.e., the 
total activity. Because the amount of 


‘ radioactive material in the body is very 


small, even in tracer studies, the sub- 
ject and detector are located in a 
shielded room, often with thick steel 
walls, to reduce external (background) 
radiations. 

17.59. In a second type of whole- 
body counter, pioneered by the Los 
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Alamos Scientific Laboratory, the sub- 
ject is surrounded, either half or wholly, 
by a double-walled cylindrical vessel 
containing a liquid scintillator between 
the walls. The scintillations are de- 
tected and recorded by an arrangement 
of photomultipliers outside the cylin- 
der. If the vessel surrounds the body 
completely, the device is called a 4v 
counter, because 4v represents a solid 
angle of 360°, i.e., the counter detects 

radiations coming from all 
directions. A somewhat related whole- 
body counter, which was originated at 
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the University of Leeds, England, is 
usually regarded as a third type. In 
this counter large blocks of plastic 
scintillating detectors are used instead 
of the liquid scintillator. j 
17.60. The main advantage of whole- 
body counters using liquid or plastic 
scintillators, compared with those em- 
ploying a large single crystal, is that 
the former receive a much larger frac- 
tion of the gamma rays emitted by the 
body. The liquid and plastic scintillator 
counters are thus much more sensitive 
and measurements can be made in a 
Shorter time. On the other hand, the 
erystal detector, in conjunction with a 
pulse-height analyzer (87.42), pro- 
vides much better energy resolution. 
With such a system it is possible to 
determine separately the intensities of 
gamma radiations whose energies are 
not very different. This makes it possi- 
ble to measure the amount of two (or 
more) different radioisotopes that may 
be present in the body. With the liquid 
and plastic scintillators such a distinc- 


tion can be made only when the 


energies of the gamma rays differ quite 
considerably, 

17.61. An entirely different tech- 
nique, called radioautography,* is fre- 
quently employed to study the detailed 
localization of radioactive material in 
relatively small specimens of organic 
(and inorganic) material that is not 
usually part of a living organism. The 
procedure makes use of the influence 
on a photographie emulsion of the 
radiations from radioactive bodies. The 
effects observed by A. H. Becquerel 
(§ 2.98) were the first crude examples 
of radioautographs, in which a radio- 
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active substance is made, in a sense, to 
record its own photograph. Some early 
observations on the distribution of 
radioactive elements in biological ma- 
terial, by utilizing the photographic 
activity, were made in France in 1904, 
by E. S. London, and later, in 1922, 
by A. Kotzareff. But the modern de- 
velopments stem essentially from the 
experiments of the French biologists 
A. Lacassagne and J. Lattés, reported 
in 1924, on the distribution of the 
radioelement polonium injected into 
various organs. Thin sections of the 
organ, such as are used for histological 
study under the microscope, were 
placed in contact with a photographic 
plate which was later developed. The 
regions in which the plate was black- 
ened represented the areas where the 
polonium had been concentrated. 

17.62. In recent years the radioauto- 
graphic technique has been greatly 
improved so that it is now a highly 
valuable tool in biological research. 
Good definition is obtained by the use 
of thin sections of the material being 
examined, in conjunction with a fast, 
fine-grained photographic emulsion. 
Where such high resolution is not 
required thicker material may be em- 
ployed. An example of a radioauto- 
graph is given in Fig. 17.3, which shows 
part of a bean plant which was grown 
in a medium containing radiophospho- 
Tus. It is seen that the phosphorus 
tends to concentrate in the stems and 
in the conducting system (veins) of the 
mature leaves. In the young tissue, 
however, the phosphorus is spread 
throughout the whole leaf. 


APPLICATIONS OF ISOTOPIC TRACERS 


INTRODUCTION 
17.63. During recent years, particu- 
larly since 1945, many thousand re- 


* The name autoradiography is used by some 


ports have been published on the use 
of isotopes for the study of problems 
in various areas of science and-indus- 


writers. 
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try. Much of the work, especially that 
in biology and chemistry, is highly 
technical in nature, and a detailed 
knowledge of these subjects is neces- 
sary for an adequate comprehension of 
the significance of the results obtained. 
In brief, it may be stated that one of 
the main purposes of the use of isotopic 
tracers in biological studies is to secure 
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esting and more significant, which do 


not require detailed technical explana- 
tion, will be described below. 


Dynamic SraATE or Bopy 
CONSTITUENTS 


17.64. An outstanding contribution 
to the clarification of certain life proc- 


- esses has resulted from the work done 


Fic. 17.3. Radioautograph of wi of 
(Brookhaven 


information that will make possible a 
better understanding of the many com- 
plex processes which take place in 
living organisms. In chemistry, iso- 
topes are being used in various analyti- 
eal procedures and to throw light on 
the problems of reaction mechanism, 
and in industry radioactive tracers are 
playing a part in a variety of processes. 
. Many important results have been ob- 
tained by means of the isotopic trac- 
ing technique; some of the more inter- 


owing bean plant containing phosphorus-32. 
ational Laboratory) 


in the United States in 1938 and suc- 
ceeding years by R. Schoenheimer and 
D. Rittenberg and their associates. It 
had long been accepted that degrada- 
tive changes in the living animal took 
place slowly, the purpose of food being 
largely to supply the currently re- 
quired energy, while a small proportion 
went to replace worn out tissue. As a 
result of experiments carried out with 
the aid of deuterium and stable nitro- 
gen-15 as tracers, this concept of an 


684 Sourcebook on Atomic Energy 


essentially static or dormant state of 
the organism has been shown to be 
entirely wrong. The present view is 
that there exists, as Schoenheimer has 
called it, “a dynamic state of the body 
constituents,” in which there is a 
continual interchange between the fats, 
proteins, and carbohydrates. already 
present in the animal body and those 
ingested in the form of food. 

17.65, Linseed oil, which contains 
fats derived from doubly and triply 
unsaturated acids,* was partially “hy- 
drogenated” by means of deuterium, 
so as to yield a mixture of both satu- 
rated and slightly unsaturated fats, 
in which two or four of the hydrogen 
atoms attached to carbon were re- 
placed by deuterium. The resulting 
deutero-fats, labeled. in this manner, 
were fed to animals, and the surprising 
fact was observed that only a small 
proportion of the deuterium was ex- 
ereted for several days. The major 
part of the deuterium was found to 
have been deposited in the fatty por- 
tions of the body. Even when the diet 
was very deficient in fat, and the total 
calorie supply was inadequate, so that 
the animal was drawing upon its re- 
Serves, the deutero-fat was mainly 
stored and not put to immediate use, 
Obviously the view that the organism 
was in a more or less static state, using 
such food as was needed. and storing 
the remainder, if any, was unsound. 

17.66. After the natural diet of the 
animals had been resumed, the labeled 
fats were found to disappear gradu- 

‘ally, the deuterium leaving the body 
in the form of water. But if the water 
included in the normal diet of other 
animals was enriched in heavy water, 
80 as to maintain a constant level of 
deuterium in the body fluids, the 
stored fat was found to gain deuterium 
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at the same rate as it was lost by the 
animals which had previously been fed 
the deutero-fats. These results indi- 
cated that reversible (dynamic) equi- 
libria, involving fats and water, occur 
in the living organism. The saturated 
fats are “desaturated” by the removal 
of hydrogen (or deuterium) and at the 
same time the unsaturated fats are 
“saturated” by the addition of hydro- 
gen (or deuterium) from water. 

17.67. Furtherinvestigations showed 
that it was only the singly unsaturated 
fats which could take part in this equi- 
librium. The more highly unsaturated 
fats, such as those derived from linoleic 
and linolenic acids, could not be satu- 
rated, neither could they be formed by 
removal of hydrogen from saturated 
fats in the body. This conclusion, 
reached unequivocally by labeling the 
various fats with deuterium and trac- 
ing their behavior in the animal, con- 
firmed the opinion held by nutritionists 
that the highly unsaturated fats are 
“indispensable,” in the sense that they 
must be supplied in the diet, the body 
being unable to synthesize them. 

17.68. In the continuation of their 
studies on animal metabolism, Schoen- 
heimer and Rittenberg prepared a 
number of amino acids in which the 
nitrogen atom of the amino (—NH;) 
group was labeled with the nitrogen-15 
isotope. Among the many interesting 
Observations which were made after 
adding a labeled amino acid to the diet 
of an animal was the following: nearly 
all the amino acids isolated from the 
tissue protein contained nitrogen-15, 
but the concentration was greatest in 
the amino acid corresponding to the 
one which had been included in the 


diet. It would thus appear, first) that 


the dietary amino acid is taken up 
directly and rapidly into the body 


* These are acids with two and three double bonds, respectively. 
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protein and, second, that there is a 
biological transfer of nitrogen from 
one protein amino acid to another 
during metabolism. 

17.69. The latter conclusion implies 
a remarkable and unexpected state of 
affairs. The fact that the isotopic nitro- 
gen appears in the so-called indispensa- 
ble amino acids, such as leucine and 
histidine, which the animal body is 
unable to synthesize, shows that the 
presence of nitrogen-15 is not due to a 
complete breakdown of the labeled 
amino acid, followed by synthesis of 
another. This was confirmed by label- 
ing the carbon chain of dietary leucine 
by means of deuterium, in addition to 
marking the nitrogen by means of 
nitrogen-15. ‘The leucine extracted 
from the resulting tissue protein was 
found to have lost some of its isotopic 
nitrogen, as a result of exchange with 
other amino acids,: but the proportion 
of deuterium was unchanged, showing 
that the carbon chain remained un- 
broken. 

17.70. Asa consequence of the nitro- 
gen-transfer reactions, the nitrogen fed 
to an animal in the form of one amino 
acid should eventually be distributed 
among all those present in the body 
protein. There is, however, one excep- 
tion to the rule: the indispensable 
amino acid lysine does not seem to be 
able to take part in this exchange of 
the amino groups. Incidentally, lysine 
is also known to be unique in another 
respect; unlike the other indispensable 
acids, it cannot be replaced in the diet 
by the corresponding alpha-hydroxy 
acid. These two properties of lysine are 
undoubtedly related. 

17.71. For many years, since 1905 
in fact, it had been widely agreed 
among physiologists that a distinction 
could be made between “endogenous” 
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the former was supposed to represent 
the amount of protein required to re- 
place worn out tissue protein, and the 
latter that utilized to supply energy. 
The proof that body proteins are in a 
dynamic state, undergoing continual 
exchange with amino acids of the diet 
and also among themselves, renders 
untenable the concept of endogenous 
and exogenous nitrogen. 

17.72. It is of interest, in this con- 
nection, to refet to the nitrogenous 
compound creatinine, an  approxi- 
mately constant. amount of which is 
excreted daily in the urine. This was 
regarded as a measure of the endoge- 
nous nitrogen metabolism, because the 
quantity liberated by the body does 
not vary greatly with the protein con- 
sumption. Creatinine is the anhydride 
of the amino acid creatine, an impor- 
tant constituent of animal tissue, and 
from experiments made in vitro, that 
is, outside the animal body, it appeared 
that creatinine and creatine could be 
reversibly converted into each other. 
But work with isotopic nitrogen as 
tracer has shown that in the living 
organism, that is, in vivo, creatine is 
converted into creatinine, but the re- 
verse is not possible. If labeled creatine 
is supplied to the animal, the creatinine 
in the urine is found to contain excess 
of nitrogen-15, but if labeled creatinine 
is assimilated no isotopic nitrogen ap- 
pears in the creatine. Without the use 
of an isotopic tracer, there seems no 
way in which this fact could have been 
established. 

17.73. By labeling various dietary 
amino acids with both isotopic nitro- 
gen and deuterium it has been shown, 
further, that the formation of creatine 
in the body requires contributions from 
three amino acids, namely, glycine, 
arginine, and methionine The creatine 


and “exogenous” nitrogen of the diet; | is produced in this manner, and is 
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converted into creatinine, at a fairly 
steady rate. This accounts for the 
observation, which was misinterpreted, 
as indicated above, that there is an 
approximately constant excretion of 
creatinine independent of the amount 
of the dietary protein. 

17.74. The problems associated with 
the metabolism of the three energy- 
providing constituents of the diet, 
namely, carbohydrates, fats, and pro- 
teins, are extremely complicated. Phos- 
phorus is known to have a role in the 
utilization of both carbohydrates and 
fats, and much work has already been 
done with radioactive phosphorus-32 
for the purpose of elucidating the 
mechanism of metabolic -processes 
taking place in the animal organism. 
Both stable and radioactive carbon 
isotopes have been used as tracers in 
the investigation of the manner in 
which the energy of carbohydrates be- 
comes available. In the absence of a 
suitable radioisotope of nitrogen, stable 
nitrogen-15 has been applied to the 
study of proteins, and deuterium is 
proving a valuable tool in the investi- 
gation of fat metabolism. 

17.75. Because of the complex nature 
of the subject it is difficult to provide a 
general summary of the conclusions 
reached so far, but attention may be 
called to the significance of the dynamic 
state of the body constituents as 
established by isotopic tracer experi- 
ments. The fact that there is a con- 
tinual exchange between the elements 
supplied in the diet and those already 
present in the animal, means that the 
atoms of the body are undergoing con- 
tinual replacement. This exchange ex- 
tends even to the phosphorus, and 
probably also to the calcium, in the 
accessible portions of the bones, so that 
the body undergoés virtually complete 
renewal in the course of time. The ele- 
ment iron seems to be an exception to 
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the general behavior, as will be seen in 
the next section. 


Tracer Srupies oF Boop 


17.76. Some of the most valuable 
information in the biological field has 
come from investigations made in the 
United States with the isotopes of 
iron. As just indicated, this element 
differs from other elements in the re- 
spect that iron supplied in the food, 
or injected into the animal, does not 
exchange to any appreciable extent 
with iron already present in the body. 
From observations on the feeding of 
iron labeled with radioactive iron-59 to 
normal animals it appeared that rela- 
tively little of the iron found its way 
into the blood, where most of the iron 
in the body oceurs as hemoglobin, the 
coloring matter of the red corpuscles 
(erythrocytes). In animals depleted of 
iron, however, a larger proportion of 
this element is absorbed. Shortly after 
the loss of blood, iron is not absorbed 
even though there is a deficiency of 
hemoglobin; but, in due course, as the 
hemoglobin is replaced by drawing 
upon the animal's store of iron, there 
is considerable absorption of iron from 
the food. Similarly, it has been shown 


that in cases of pernicious anemia iron . 


is absorbed only after the reserves have 
been depleted by the administration 
of liver extract. 

17.77, The extent to which iron is 
taken up evidently depends on the 
state of the reserves of the element in 
the body. The view now generally held, 
based largely on studies with radioac- 
tive iron as a tracer, is that iron is 
stored in the body in the form of an 
iron-protein combination known as 
ferritin. When the store of ferritin has 
attained its normal value, it does not 
increase further, no matter how much 
iron may be supplied orally. If for 
some reason, however, the iron reserves 
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are drawn upon, so that the amount of 
ferritin is decreased, the body is able 
once more to absorb iron. 

17.78. The remarkable fact about 
iron, which makes its behavior so dif- 
ferent from that of the other body ele- 
ments, is that it is utilized over and 
over again. By employing radioiron as 
tracer, it has been found that iron re- 
mains in the hemoglobin as long as 
the red blood-corpuscles are intact. 
But when the corpuscles are destroyed 
the iron is not lost; it is almost wholly 
retained in the body, and is rapidly 
incorporated into the hemoglobin of 
new red corpuscles. It is this phenome- 
non which accounts for the small ab- 
sorption of iron from the food under 
normal conditions,* and the absence 
of exchange between administered and 
stored forms of the element. 

17.79, The stability of the iron in 
the red corpuscles has led to the devel- 
opment of a method for determining 
the total amount of red cells in the 
blood. A small quantity of iron, con- 
taining some iron-59, is injected into 
an animal under such conditions that 
the element is absorbed and forms 
hemoglobin. Some of the red corpus- 
cles, labeled in the hemoglobin, are 
withdrawn and injected into the 
subject. As there is no appreciable 
exchange of iron, all the iron-59 in the 
injected blood remains in the hemo- 
globin. By comparing the radioactivity 
of the red cells in the subject’s blood, 
after time has been allowed for 
thorough circulation, with that of the 
injected cells the extent of dilution can 
be calculated. If the quantity of red 
cells injected is known, the total 
amount in the subject can be deter- 
mined by proportion. A simpler pro- 
cedure than that just described is to 
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take a sample of the patient’s blood 
and label the red cells with chromium- 
51 (half-life 27.8 days) by adding 
sodium chromate outside the body. 
The labeled red cells are then sepa- 
rated and a known amount injected 
into the patient for the dilution study. 
The same general (dilution) principle 
is used extensively to determine the 
total blood volume of the patient, by 
injecting a known volume of blood 
labeled with chromium-51. 

17.80. One way of determining the 
average life of the red corpuscles of the 
blood is to make use of the stable nitro- 
gen-15 isotope. Hemoglobin, which 
plays a vital part in the transport of 
oxygen in the body, is itself a combi- 
nation of two units: one is the red 
pigment called hemin, and the other 
is a protein, known as globin. In hemin 
the element iron is present in associa- 
tion with a nitrogen-containing mole- 
cule, belonging to the group of complex 
compounds referred to as porphyrins. 
From experiments made with animals 
which had been fed the simple amino 
acid glycine labeled with nitrogen-15, 
it was known that this substance is an 
important source of the nitrogen in the 
porphyrin, and hence in the hemin of 
the red corpuscles. In a continuation 
of this study, labeled glycine was fed 
to a human adult for three days; sam- 
ples of blood were withdrawn, from 
time to time, -during the ensuing 
‘months. The crystalline hemin was 
extracted from the blood, and its 
nitrogen-15 content determined by 
means of a mass spectrometer. 

17.81. It was‘ observed that the 
amount of nitrogen-15 in the hemin 
increased steadily for about 25 days 
after feeding of the labeled glycine had 
ceased; it then remained fairly con- 


*In pregnancy or during the period of rapid growth, when the total amount of hemo- 


body ee 


Ue ie the ferritin 
must, of course, absorption 


“reserve is being 
of iron from the food. 


drawn upon continuously and 
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stant for the succeeding 80 days or so, 
after which it declined steadily. The 
interpretation of these results is as 
follows. The glycine, after ingestion, is 
rapidly stored in the body, as is known 
to be the case from other experiments. 
During the course of some 25 days it 
is gradually released to form hemin 
which, in combination with globin, 
produces the hemoglobin of the red 
blood-corpuscles. Since the nitrogen-15 
content then remains the same for 
some time, it is evident that the hemin 
contained in these corpuscles is not 
continuously broken down and rebuilt. 
Once it has formed it has a fairly 
definite life span, estimated, from the 
change in the amount of isotopic nitro- 
gen, to be about 120 days. At this age, 
a red corpuscle apparently disinte- 
grates, releasing the hemin, which then 
breaks up into iron and the nitrogen- 
containing porphyrin. As seen above, 
the iron is reutilized, combining to 
form more hemin, but the porphyrin 
part passes out of the body, as is 
shown by the steady decline in the 
proportion of nitrogen-15 in the blood. 

17.82. A notable practical applica- 
tion of radioisotopes in connection with 
the study of the characteristics of blood 
for transfusions makes use of both 
iron-55 and iron-59. The blood volume 
of the recipient, before transfusion, is 
first determined by introducing a small 
quantity of red cells labeled with 
iron-59, as explained above. Trans- 
fusions of whole blood including red 
cells labeled with iron-55 are then 
given. Since the two radioactive iso- 
topes have different characteristics, 
they can be determined separately in 
the blood of the recipient. In this way, 
the fate of the transferred blood can be 
followed through the behavior of the 
iron-55, whereas the concentration of 
iron-59 gives the effective blood vol- 
ume. As a result of the knowledge 
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obtained in this manner, valuable ad- 
vances have been made in the storage 
of blood. 

17.83. The foregoing discussion has 
referred particularly to the red corpus- 
cles of the blood. But the study of 
other constituents of the blood by 
means of radioisotopes has not been 
neglected. Radiophosphorus has been 
employed in experiments on complex 
substances present in both the plasma 
and the red cells, and also to study the 
behavior of the white cells in blood. 
One of the observations made with 
phosphorus-32 as tracer concerns the 
rate at which certain white cells, called 
granulocytes, are removed from the 
circulating blood by migration into 
tissue. Normally, half the cells present 
are removed in about 7 hours, but in 
patients with infections, the loss rate 
is markedly increased. 


Diagnostic ÁPPLICATIONS OF 
RADIOISOTOPES IN MEDICINE 


17.84. Radioactive isotopes have be- 
come a very valuable tool in the diag- 
nosis and understanding of many 
diseases. They have proved to be par- 
ticularly useful in certain cases where 
conventional diagnostic procedures 
have not been too satisfactory. A few 
examples of the many applications of 
radioisotopes as diagnostie tools will 
be given here. A simple instance is 
provided by the use of radiosodium to 
study cases of restricted circulation of 
the blood. A small quantity of sodium 
chloride solution, in which the sodium 
has been labeled with sodium-24, is 
injected into a vein of the patient's 
forearm; a gamma-ray counter is then 
placed in contact with one of the feet. 
If the blood circulation is normal, the 
presence of radioactivity is very soon 
detected in the foot; it'increases rapidly 
and reaches a maximum value within 
less than an hour. If there is a circula- 
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tory impairment of some kind, how- 
ever, the radioactivity will increase 
slowly, showing that the blood has 
difficulty in reaching the foot. By 
moving the counter to different parts 


_of the body the position of the restric- 


tion can be located and the necessary 
treatment can be applied. 

17.85. A modification of this scheme 
has been proposed for studying the 
pumping action of the heart. Labeled 
sodium chloride is injected into the 
blood stream, as before, and a counter, 
attached to an automatic pen-recorder, 
is placed over the heart. As the radio- 
sodium enters the right side of the 
heart the pen of the recorder rises and 
then drops as the venous blood enters 
the lungs. A few seconds later, the 
radiosodium appears with the arterial 
blood on the left side of the heart and 
there is another rise and fall of the 
recording pen. By examining the re- 
sulting curves the pumping action of 
the two sides of the heart can be com- 
pared and abnormalities can be dis- 


. covered. Another substance which has 


been utilized extensively in examining 
the action of the heart is albumen from 
human blood serum labeled with radio- 
active iodine-131. This is injected into 
a vein and the gamma-ray activity 
Observed with a counter located close 
to the heart. 

17.86. It has been found by intro- 
ducing iron-59 into the blood of a 
normal human being that the iron is 
deposited in and then removed from 
the marrow, the spleen, and the liver 


-in a manner. that is specific for the 


particular organ. In cases of anemia 
(deficiency of red blood cells) and of 
polycythemia (excess of red cells), the 
normal behavior is changed in à man- 
ner typical for each disease (Fig. 17-4). 
In refractory anemia associated with 
hypoplastic (underdeveloped) marrow, 
for example, the iron is found prefera- 
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bly in the liver rather than in the 
marrow where the red blood cells are 
formed. 


ACTIVITY OF IRON-59 


/ ~ TIME 


Fic. 17.4. Change in activity of iron-59 
in spleen after injection. 


17.87. By using the positron emitter 
iron-52 as a tracer, in conjunction with 
a positron camera, it has been shown 
that the blood-forming marrow is nor- 
mally present in the spine with very 
little in the bones of the arms and legs. 
In certain blood diseases associated 
with excessive red cell formation, how- 
ever, the active marrow is also found 
in the arms and legs. On the other 
hand, in some cases of severe anemia 
the marrow that produces the red 
blood cells leaves the skeleton and 
migrates to the spleen where it is less 
effective. The tracer experiments have 
also demonstrated that red cell forma- 
tion is controlled by & hormone, called 
erythropoietin, which circulates in the 
bloodstream. Abnormal conditions are 
associated with an excess or deficiency 
of this hormone. 

17.88. Measurements by means of 
whole-body counters of the total 
amount of iron-59 retained by the body 
have confirmed the conclusions, reached 
from other observations ($17.76 et 
seq.), that in a normal person the ab- 
sorbed iron is eliminated very slowly. 
On the average, the daily loss of iron 
from a healthy person is equivalent to 
that in about one cubic centimeter of 
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blood; this loss occurs mainly through 
the walls of the intestine. In persons 
suffering from various diseases of the 
blood or of the gastrointestinal tract 
the rate of loss of iron, as determined 
by the whole-body counter, exceeds 
the normal rate in a manner that is 
typical of each disease. The whole- 
body counter can thus serve as a diag- 
nostic tool. 

17.89. Vitamin By is a complex 
organic compound containing the ele- 
ment cobalt. It is normally stored in 
the liver and is released into the blood- 
stream as required. The vitamin has 
been prepared with the cobalt as a 
radioactive isotope, either cobalt-57, 
-58, or -60, and its rate of absorption 
and loss from the body has been studied 
with the whole-body counter. From 
the results it is possible to distinguish 
three types of behavior: first, normal; 
second, inability to absorb vitamin Bis 
from the intestine; and third, per- 
nicious anemia in which there is a 
deficiency of the vitamin in the blood. 
Whole-body radiation measurements, 
with labeled vitamin By, are being 
used in the study of pernicious anemia. 

17.90. An interesting application of 
whole-body counters is based on the 
natural radioactive potassium-40 that 
is always present in the body. This iso- 
tope decays with the emission of a beta 
particle and a gamma-ray, but the rate 
of decay is so relatively slow that it 
requires a whole-body counter to de- 
tect the radiation. Potassium is found 
in nearly all parts of the body except 
the fatty tissue; consequently, .a meas- 
urement of the total quantity of 
potassium-40, together with other 
data, makes it possible to determine 
the relative proportions of lean and 
fatty tissue. Such information can be 
used to study the changes in the body 
composition that take place through- 
out life, both in normal circumstances 
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and as a result of various diseases, and 
their relation to the diet. In addition, 
correlatiohs can be made with other 
physiological measurements, such as 
the basal metabolic rate. It is of inter- 


est to note that in the average adult. 


man 20 percent of the body tissue is 
fat, whereas in a woman the average is 
26 percent. Exceptionally lean people 
may contain as little as 2 percent. of 


fat; at the other extreme, those suffer- 


ing from obesity can have as much as 
40 percent of fatty tissue. 

17.91. The fact that certain ele- 
ments tend to concentrate to different 
extents in normal and abnormal tissue 
has been utilized to detect the presence 
and identify the position of tumors 
with the aid of radioisotopes. This 
procedure serves as a means of diag- 
nosis and also facilitates treatment of 
the abnormal condition by surgery or 
radiotherapy. The element iodine is 
rapidly absorbed by the thyroid gland 
where it is stored as the compound 
thyroxin. The function of the gland 
can thus be readily studied by giving 
the subject an aqueous solution con- 
taining a small quantity of sodium 
iodide containing radioactive iodine- 
131 and then observing the gamma-ray 
emission from the thyroid gland. It has 
been found, by utilizing a scanner or a 
scintillation camera, that abnormal 
regions can be detected by their failure 
to absorb iodine (Fig. 17.5). Such 
regions sometimes contain malignan- 
cies, but cancer rarely occurs in the 
portions of the thyroid gland that take 
up iodine in a normal manner. 

17.92. Brain tumors are often diffi- 
cult to detect and especially to locate. 
Several different substances labeled 
with radioisotopes have been found 
useful in this connection because they 
tend to concentrate in the tumor. One 
of the first materials employed was 
serum albumin combined with iodine- 
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131, but better results have been ob- 
tained more recently with neohydrin 
labeled with mercury-203, with the 
positron emitter gallium-68 chelated 
with ethylenediamine tetra-acetic acid, 
and with the isomer of technetium-99 
(§ 17.32) in the form of the pertech- 
netate ion (§ 16.106). After injection of 
the radioactive tracer, the location of 
the brain tumor can be found by means 
of a scintillation camera or a multiple 
detector scanner. 

17.93. The functioning of various 
organs, such as the liver, kidney, and 
spleen, under normal and diseased 
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pancreas, selenomethionine, containing 
radioactive selenium-75, has been de- 
veloped. Methionine, an essential 
amino acid containing sulfur, is taken 
up rapidly by the pancreas and the 
same is true for the modification in 
which the sulfur atom in the molecule 
is replaced by the chemically analo- 
gous selenium. 
APPLICATIONS OF RADIOISOTOPES 
IN THERAPY* 


17.94. Radiation has long been used 
in medical therapy as a means for con- 
trolling the development and growth 


ining radiodine; normal thyroid (A), en- 


lands containing rs T thyroi 
larged thyroid (B), and abnormal thyroid with possible malignant region circled (C). 


conditions, and the identification of 
abnormal areas have been studied by 
means of suitable radioactive isotopes. 
The rates of absorption and loss of the 
isotope, after introduction into the 
body, can be observed by a gamma-ray 
counter placed adjacent to the particu- 
lar organ, whereas abnormal regions 
are detected by a scanner or camera. 
For liver studies the common tracer 15 
the dye rose bengal labeled with 
iodine-131, for the kidney the tracer 1s 
hippuran also labeled with iodine-131, 
whereas for the spleen use is made of 
red blood cells labeled with chro- 
mium-51 (§ 17.79). For scanning the 


* In thera; 
uses are destiibed here in oi 


section. 
., | The word teletherapy 
it is derived from the Greek tele, meaning 


of cells, e.g., in the treatment of some 
forms of cancer. The penetrating power 
of X-rays, produced by X-ray machines 
(§ 2.91), is utilized in teletherapyt to 
irradiate abnormal tissue deep inside 
the body. Since about 1948, pene- 
trating beams of high-energy protons 
and alpha particles have also been used 
effectively for the same purpose. In 
another type of radiation treatment, 
small capsules or needles containing 
radium (or its decay produtts) are 
implanted within a particular organ 
which is thus subjected to the action 
of gamma rays. At the present time, 
artificial radioisotopes provide more 


joacti jes serve as sources of radiation rather than as tracers. The 
loce to complement the diagnostic applications in the preceding 


refers to therapy applied from a distance away from the body; 
" ht (or far off). 
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convenient and often cheaper alterna- 
tive sources of radiation both in tele- 
therapy and for internal placement. 
17.95. Radioisotope teletherapy units 
(Fig. 17.6), most of which use cobalt-60 
as the source of gamma rays (1.17- and 
1.33-MeV energy), have been installed 
in hospitals in many parts of the world. 
The cobalt-60 is made by exposing nor- 
mal cobalt metal, consisting exclusively 
of cobalt-59, to the action of slow 
neutrons in a nuclear reactor; the 
cobalt-60 is then readily formed by the 
5'Co(n,y)* Co reaction. The chief draw- 
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as cheap substitutes for radium. Other 
internal irradiation sources are metal- 
lic gold-198 and yttrium-90 in the form 
of ceramic beads of the sesquioxide, 
Y30;. These substances are not affected 
by body fluids and so do not require 
encapsulation. Yttrium-90 differs from 
the other radioisotope sources in the 
respect that it emits beta particles but 
not gamma rays; since the range of the 
beta particles in tissue is relatively 
small, the radiation effect is restricted 
to a limited region in the vicinity of 
the implant. 


®°Co SOURCE 


TUNGSTEN ALLOY 
SHIELDING 


COUNTERWEIGHT 
AND PERSONNEL 
SHIELD 


Fig. 17.6. Radioisotope teletherapy unit. 


back of cobalt-60 as a radiation source 
is its relatively short half-life of 5.26 
years; this means that the cobalt must 
be removed from the teletherapy unit 
every few years and re-exposed to 
neutrons. As an alternative, cesium- 
137, extracted from fission products 
($17.26), is employed as the gamma- 
Tay source in some cases. Cesium-137 
has a half-life of 30 years, but the 
gamma-rays, which are mostly of 
0.66-MeV energy, are less penetrating 
than those from cobalt-60. 

17.96. Small cylinders (or needles) 
made of cobalt-60 of high specific ac- 
tivity encased in silver or gold are 
used as body implants, thereby serving 


17.97. Radioisotopes have been used 
in another manner for internal irradi- 
ation, by taking advantage of the 
preferred absorption of certain ele- 
ments in particular organs or tissues 
of the body. Since 1941, iodine-131, 
which is rapidly taken up by the thy- 
roid gland (§ 17.91), has been applied 
extensively in the treatment of hyper- 
thyroidism, a condition of enlargement 
and overactivity of the thyroid (cf. 
Fig. 17.5B). Another isotope, iodine- 
132, is sometimes preferred because it 
has a shorter half-life, namely, 2.33 
hours, compared with 8.06 days for 
iodine-131; since iodine-132 decays 
moie rapidly it represents less of a 
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hazard when the iodine is released 
from the thyroid:gland into the blood 
stream. 

17.98. Although radioiodine has at- 
tracted much interest, the first radio- 
active species to be employed in 
radiation therapy, by John H. Law- 
rence of the University of California, 
Berkeley, in 1937, was phosphorus-32. 
This isotope, in the form of a solution 
of sodium phosphate in water, is used 
in the treatment of some blood abnor- 
malities, e.g., chronic leukemia and, 
particularly, polycythemia (§ 17.86). 
The radiophosphorus is taken up by 
the bone marrow where the red blood 
cells and some of the white cells are 
produced; the beta particles emitted 
by the phosphorus-32 then inhibit the 
excessive formation of these cells. 

17.99. An internal source of alpha 
particles (and lithium ions) for the 
treatment of brain tumors is obtained 
indirectly by utilizing the (n,a) reac- 
tion between slow neutrons and stable 
(nonradioactive) boron-10 (§ 11.57). A 
suitable boron compound is injected 
into a vein of the patient; the brain 
tumor absorbs the boron from the 
blood stream but the normal brain cells 
do not. A few minutes later, the head is 
exposed to thermal neutrons from a 
reactor for about 20 minutes. The 
neutrons penetrate the head and inter- 
aet with the boron-10 in the tumor. 
The alpha particles and lithium ions 
formed cannot travel very far and they 
expend all their energy within a small 
volume, thereby causing destruction of 
the abnormal cells in the tumor. The 
other parts of the brain remain essen- 
tially unaffected: 

17.100. An interesting scheme for 
achieving what is effectively internal 
radiation therapy by means of an 
external source is the extracorporeal 
irradiation of blood. The idea was 
apparently first conceived by J. F. 


Heymans in France in 1921, but it is 
only since 1962 that it has been de- 
veloped with some success at the 
Brookhaven National Laboratory. In 
certain types of leukemia, there is an 
overproduction of the white blood cells 
(lymphocytes) formed in the lymph- 
oid tissues; these cells, however, are 
readily destroyed by radiation whereas 
most other cells, especially the red 
blood cells, are relatively resistant. A 
loop of plastic tubing is connected out» 
side the body between an artery and a 
vein, e.g., in the arm of a human sub- 
ject, and blood is circulated through 
the tubing by the natural pumping 
action of the heart. Part of the plastic 
loop is wound around a strong gamma- 
ray source, consisting of cobalt-60 or 
cesium-137, in a shielded container. As 
the blood passes by the source, it is 
exposed to gamma rays and the num- 
ber of lymphocytes is decreased. The 
treatment, which lasts a few hours, is 
repeated as required. 


Isoropic TRACERS IN 
CELLULAR BioLoey 


17.101. All living organisms are 
made up of cells and, as far as is known, 
all complete cells contain the two 
essential substances deoxyribonucleic 
acid (DNA) and ribonucleic acid 
(RNA). Almost all the DNA is found 
in the nucleus of the cell and, in fact, 
only in the chromosomes, the thread- 
like structures present in the nucleus. 
There is some RNA in the cell nucleus, 
but most is in the cytoplasm, the cell 
liquid which surrounds the nucleus. 
The DNA carries the genetic code (or 
instructions), which causes each gen- 
eration to resemble the preceding one, 
and also information for the production 
of various proteins from the amino 
acids in the cell fluid. The RNA, of 
which three types with different func- 
tions are known, transfers the informa- 
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tion from the DNA to the machinery 
in the cell that synthesizes proteins. 

17.102. In simple terms, the DNA 
molecule consists of two twisted chains 
made up of a sequence of units of the 
sugar-like compound deoxyribose at- 
tached to a phosphoric acid residue. 
The two chains are connected together 
at each of these units by a pair of 
organic bases, like the rungs of a 
ladder. Four bases are available to 
form these rungs, but it is found that 
only two particular pairs, of the six 
theoretically possible, are actually 
used. The structure of RNA is similar 
to that of DNA, with two exceptions: 
first, the sugar-like compound in the 
chain is ribose which contains an —OH 
group in place of a —H atom in de- 
oxyribose; and second, three of the 
bases that form the rungs between the 
chains are the same as in DNA but the 
fourth is different. Actually, DNA and 
RNA are not specific compounds, but 
rather structural types that can exhibit 
a large number of variations depending 
on the order in which the pairs of bases 
are attached to the sugar-phosphate 
chains, 

17.103. The growth of an organism 
and the replacement of spent tissues is 
achieved as the result of individual 
cells each dividing into two identical 
cells; the process is called mitosis. Be- 
fore this division can occur, the amount 
of DNA in the original nucleus must be 
doubled, so that each new cell has the 
same quantity as its parent did when 
it was formed. A cell in which DNA is 
being generated is consequently one 
which will soon divide. It is possible 
to label the DNA by means of a radio- 
active tracer and thereby to study the 
behavior of cells during mitosis. 

17.104. In the labeling of DNA use 
is made of its specific ability, not pos- 
sessed by RNA, to take up the base 
thymine; the latter must be supplied 
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in the form of a precursor called thy- 
midine, which is a compound of 
thymine and the sugar deoxyribose. 
One of the hydrogen atoms in the 
thymine can be replaced by its radio- 
active isotope tritium, leading to the 
formation of tritiated thymidine (or 
*H-thymidine). If this labeled thymi- 
dineis made available, e.g., by injection 
into the bloodstream or by addition to 
the fluid medium containing the cells, 
it is incorporated into the DNA mole- 
cules being produced in the chromo- 
somes of the cells that are preparing to 
d vide. The location of the tritium, and 
h nce of the newly formed DNA, in the 
cell nucleus is then detected by radio- 
autography (§ 17.61). 

17,105. The beta particles from tri- 
tium—there are no gamma rays—have 
very low energies (maximum 0.018 
MeV) and consequently short ranges. 
It is necessary, therefore, to have close 
contact between the cells under exami- 
nation and the sensitized photographic 
emulsion. This is done by placing some 
of the cells on a glass slide and dipping 
the slide into a liquid emulsion made 
of gelatin and small grains of silver 
bromide. Upon removal, a film of pho- 
tographie emulsion, which soon sets, 
is formed on the slide. This is kept in 
the dark in a refrigerator for the re- 
quired exposure time, usually several 
days. The film is then developed and 
fixed in the normal manner. The physi- 
cal outlines of the cell and its nucleus 
are rendered visible by staining tech- 
niques used in conventional cell studies. 
The black dots of silver in the radio- 
autograph indicate the location of the 
eile thymidine in the DNA (Fig. 

7.7). 

17.106. As is well known to biolo- 
gists, not all cells are able to undergo 
mitosis; with the tracing technique 
described above, it is possible to dis- 
tinguish those cells that do divide from 
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those that do not (cf. Fig. 17.7). It has 
been found in this manner, for exam- 
ple, that only about 3 percent of the 
cells in the adult human body are 


Fig. 17.7. Radioautograph of bone-mar- 

row cells containing tritiated thymidine; 

the cell in the center is just about to divide. 

(Donner Laboratory, University of Cali- 
fornia) 


capable of dividing for the purpose of 
tissue repair. Furthermore, tritium 
tracer experiments have shown that in 
the cycle of a dividing cell, i.e., the 
time elapsing between its initial for- 
mation and subsequent mitosis, DNA 
is produced during about half the time 
only. The formation occurs in the 
latter part of the cycle, just before the 
actual division of the cell into two is 
seen to take place. The length of the 
cycle varies with the type of cell and 
the organism of which it is a part. It 
can range from about 8 hours to several 
days. 

17.107. Malignant (cancerous) cells 
are characterized by the abnormally 
high rates at which they increase in 
number. Tracer experiments with tri- 
tiated thymidine have indicated that 
this is not due to the cells dividing 
more rapidly; in fact, the cycle time 
is frequently greater than for normal 
cells. The increase in growth rate of the 
malignant cells is apparently due to the 
much larger proportion of the cells that 
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are capable of further mitosis. In nor- 
mal tissue, about half the cells formed 
are able to divide; this keeps the total 
number of cells almost constant. But 
in some cancerous tissue, nearly every 
cell can divide further and so the cell 
population increases more and more 
rapidly with time. 

17.108. A different type of applica- 
tion of tritium-labeled DNA is in the 
study of the cells produced in the 
blood-forming tissues, i.e., the bone 
marrow, lymph glands, and spleen. 
These tissues take up tritiated thy- 
midine that has been injected into the 
organism, and radioactive DNA makes 
its appearance in the red and white 
blood cells; such cells are not able to 
divide and have a limited lifetime. By 
observing the changes with time in the 
amounts of radioactivity present in the 
different blood cells, data are obtained 
regarding the rate of production of the 
cells, their speed of migration into the 
bloodstream from the tissue in which 
they are formed, and their life spans. 
One of the unexpected discoveries is 
that the white cells called lympho- 
cytes, formerly thought to have a short, 
life, appear to have an average lifetime 
of at least 100 days. It has conse- 
quently become necessary to reconsider 
the physiologieal significance of the 
lymphocytes in the blood. 

17.109. There is, unfortunately, no 
specifie precursor for RNA, such as 
thymidine is for DNA. Nevertheless, 
there are a few nucleosides, i.e., amino 
acid-sugar compounds, which are in- 
corporated preferentially, although not 
exclusively, in the RNA. With these 
tritiated compounds it has been estab- 
lished, using radioautography, that 
RNA is synthesized in the nucleus of 
the cell and is then slowly transferred 
to the surrounding cytoplasm. The 
production of RNA by cells differs in 
important aspects from that of DNA; 
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the former is produced almost con- 
stantly by the nuclei of nearly all cells, 
whether they are dividing or not. As a 
result, all such cells are capable of 
synthesizing proteins from amino acids 
(cf. § 17.101). 
17.110. To obtain more detailed in- 
formation about the characteristies of 
the three types of RNA that play a 
role in protein synthesis, a different 
procedure must be adopted. The nu- 
cleoside precursor is labeled with 
carbon-14, which emits more energetic 
beta particles than does tritium, so as 
to permit scintillation counting. The 
labeled RNA formed in the cells is 
separated from the other cell constitu- 
ents by chemical methods, and is then 
split up, by centrifugation, into the 
three types by taking advantage of the 
differences in their molecular weights. 
The formation of RNA (or of each of 
the three types) is followed by meas- 
uring the radioactivity of the carbon-14 
present in the following manner. A 
known quantity of the RNA is added 
to a liquid scintillator and the rate of 
production of scintillations is observed 
with a photomultiplier tube. This rate 
is proportional to the amount of car- 
bon-14 in the RNA. From such obser- 
vations made at different times, the 
rate of production of the RNA can be 
determined. 


Isoropic TRACERS IN 
PHOTOSYNTHESIS 


17.111. A fundamental problem that 
has been attacked with the aid of radio- 
active tracers is photosynthesis, i.e., 
the ability of green plants to convert 
simple compounds, usually carbon di- 
oxide (CO) and water (HO), into 
complex energy-containing materials 
in the presence of sunlight. Among the 
most common substances formed in 
photosynthesis are sugars, starches, 
and cellulose; these fall into the cate- 
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gory of carbohydrates and can be 
represented by the general formula 
C.H2,O,, where z and y are integers 
which increase in value in going from 
the sugars to cellulose. The formation 
of the carbohydrates in green plants is 
always associated with the liberation 
of oxygen gas. 

17.112. The simplest sugars found 
in quantity in plants are glucose and 
fructose, both of which have the over- 
all formula C4H:0;, i.e., z and y are 6, 
or (CH;0). The processes leading to 
the formation of even these simple 
sugars (and oxygen) in photosynthesis 
are very complicated, but the net 
result may be represented by the 
equation 
6CO, + 6H;O + energy Ead 

(CH:;0), + 605, 


where (CH;O), is glucose or fructose. 
In broad terms, photosynthesis in- 
volves the reduction of CO; to (CH;0)s 
and the simultaneous oxidation of H:O 
to Os. It will be noted that chlorophyll, 
the green coloring matter of plants, is 
indicated as playing a part in the reac- 
tion. The chlorophyil, or possibly some 
equivalent substance, is essential to the 
process and in its absence photosynthe- 
sis cannot occur. 

17.113, Photosynthesis is generally 
regarded as taking place in two parts, 
both of which involve many stages. 
(1) Light energy is first absorbed by 
the chlorophyll and as a result water 
molecules are split up into hydrogen 
atoms (or their equivalent hydrogen 
ions and electrons) and oxygen which 
is ultimately liberated as gas. (2) Car- 
bon dioxide is reduced by the hydrogen 
atoms (or their equivalent), under the 
influence of the enzymes (catalysts) 
present in the plant, to form a carbo- 
hydrate. Evidence that the oxygen 
produced in photosynthesis originates 
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in the water, and not in the carbon 
dioxide (§ 17.6), was obtained by 
§. Ruben and his collaborators at the 
University of California, Berkeley, in 
1941. Photosynthetic experiments were 
made with carbon dioxide and water in 
which the oxygen in either one or the 
other reactant was enriched in oxy- 
gen-18. The oxygen gas produced con- 
tained the oxygen-18 isotope only when 
it was initially present in the water. . 
17.114. Although much work has 
been done in trying to elucidate the 
mechanism of the first (light absorp- 
tion) stage of photosynthesis, isotopic 
tracers have not been used to any 
significant extent, and so the subject 
will not be considered here, It is in 
understanding the second phase, i.e., 
the conversion of carbon dioxide to 
carbohydrate in a series of chemical 
stages, that isotopes, particularly car- 
bon-14, have played an important role. 
The first attempts to utilize an isotopic 
tracer in following the assimilation 
of carbon by plants were made by 
S. Ruben in 1939 and 1940, using 
radioactive carbon-11. The work was 
hampered, however, by the short half- 
life (20.5 min) of this isotope and by 
the inability to separate the constitu- 
ents of the complex mixture of com- 
pounds formed in photosynthesis. 
17.115. In. 1940, S. Ruben and 
M. Kamen identified the previously 
unknown radioisotope carbon-14, with 
a half-life of 5730 years, and initiated 
experiments for its use as a tracer for 
the processes occurring in green plants. 
The work was interrupted by World 
War II and by the death of S. Ruben 
in a laboratory. accident. After the 
war, in 1946, M. Calvin at Berkeley 
organjzed'a group to study the path of 
carbon in photosynthesis, using carbon 
dioxide labeled with the long-lived iso- 
tope carbon-14. Advantage was taken 
of the newly invented technique of 
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two-dimensional paper chromatogra- 
phy to separate and identify the prod- 
ucts of photosynthesis. 

17.116. In paper chromatography, a 
drop of liquid, consisting of an aqueous 
solution of the substances to be sepa- 
rated, is placed near one corner of a 
rectangular sheet of filter paper. An 
edge of the apper adjacent to this 
corner is immersed in a suitable organic 
solverit. As the latter travels through 
the filter paper by capillary action, it 
earries with it the compounds dissolved 
in the original drop of aqueous solu- 
tion. The more soluble the compound 
in the organie solvent corapared with 
that in water, the faster is its rate of 
travel with the solvent. Because of 
their differing relative solubilities, the 
various compounds present are spread 
out in a column along the filter paper. 
The procedure is repeated using an- 
other solvent and with the paper at 
right angles to its original direction. 
The compounds in the initial mixture 
are then spread out in two directions. 
If the substances contain radioactive 
earbon-14, their positions can then be 
located by placing the filter paper in 
contact with a photographie film and 
making a radioautograph (Fig. 17.8). 
Identification of the compounds pres- 
ent is achieved by comparison with a 
chromatograph obtained under exactly 
similar conditions with aqueous solu- 
tions of known substances. 

17.117. One of the successful pro- 
cedures devised by Calvin and his 
associates made use of a suspension of 
the single-celled green plants known 
as algae, e.g., Chlorella or Scenedesmus, 
in a nutrient medium containing ni- 
trate, phosphate, magnesium, and 
essential trace elements. ʻA vessel 
containing such a suspension is exposed 
to light and ordinary carbon dioxide 
gas is bubbled through so that the 
algae are photosynthesizing at a nor- 
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mal rate. A quantity of a solution of 
bicarbonate, made from carbon dioxide 
containing carbon-14, is injected into 
the vessel, and after a known short 
time a sample of the medium is run 
into methyl aleohol to kill the algae 
and thus terminate photosynthesis. 
"The compounds labeled with radio- 
carbon-14 that have been formed are 
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stance contains a chain of three carbon 
atoms combined with a phosphate 
group. By converting the PGA so 
produced into various other com- 
pounds by chemical reactions, it was 
established that the carbon-14 atom, 
with two oxygen atoms attached as in 
the original carbon dioxide, was located 
at the end of the PGA molecule. It 


Fig. 17.8. Pam of — of i aaa plici of Chlorella 


algae after 10 seconds exposure to 


(From J. 


am, Scie American, 


206, No. 6, 95 (1962) 


D 
then separated and identified by the 
procedure described above. 

17.118. When the period of photo- 
synthesis in the presence of carbon-14 
was as short as 30 sec, as many as 20 
‘to 30 compounds containing this iso- 
tope had already formed. Even during 
an interval of only 5 sec, there were at 
least six such compounds. By making 
the exposure times shorter and shorter, 
‘it was determined that the first stable 
-intermediate formed in photosynthesis 
“was the compound 3-phosphoglyceric 


i, acid or PGA (cf. Fig. 17.8). This sub- 


\ 


appeared, therefore, that the first step 

in the chemical phase of photosynthe- 

sis was the attachment of carbon di- 

oxide to some organic phosphate 

sora already present in the green 
t. 

17.119. Further experiments were 
made in which the algae were exposed 
to light in the presence of radioactive 
carbon dioxide (as bicarbonate) for a 
short time; the light was then extin- 
guished and the chemical processes 
allowed to continue in the dark. In 
other experiments, the light was kept 
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on but the supply of radiocarbon di- 
oxide was ‘shut off. From the results, 
it was concluded that the compound 
with which the carbon dioxide reacted 
to form PGA was ribulose diphosphate. 
This substance has five carbon atoms 
and the six-carbon compound formed 
by the addition of a moleeule of carbon 
dioxide splits into two moleeules of 
PGA, each with three carbon atoms. 
17.120. From a series of studies of 
this kind it has been possible to estab- 
lish the main chemieal stages in the 
formation of phosphates of the six- 
carbon compounds glucose and fruc- 
tose in the photosynthetic cycle. The 
PGA apparently adds another phos- 
phate group to form phosphoryl-PGA; 
it is at this stage that reduction occurs 
and the latter compound is converted 
into the phosphate of a three-carbon 
(triose) sugar and subsequently into a 
six-carbon sugar. The six-carbon sugar 
(glucose and fructose) phosphates then 
combine to produce 12-carbon sugars, 
such as sucrose, ie., cane (or beet) 
sugar, and even more complex carbo- 
hydrates. In addition to forming six- 
carbon sugar phosphates, it appears 
that some of the triose phosphate is 
converted by stages into ribulose di- 
phosphate which combines with more 
carbon dioxide to yield PGA once 
again. In this manner, the synthetic 
cycle is maintained (Fig. 17.9). 
17.121. Until fairly recently, biolo- 
gists had assumed that carbohydrates 
were the sole products of photosynthe- 
Sis, and that the amino acids and fats 
found in green plants are produced 
subsequently. The work with carbon- 
14; however, indicates that some amino 
acids are formed in the course of 
Photosynthesis, since they often ap- 
pear before the carbohydrates. The 
radioautograph in Fig. 17.8, for exam- 
Ple, shows the presence of the amino 
acids alanine and aspartic acid after an 
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exposure of Chlorella algae to light for 
only 10 sec. There is some evidence, 
too, that fats are formed in the photo- 
synthetic cycle. 


IsoroPic TRACERS IN 
AGRICULTURE 


17.122. Radioactive isotopes are be- 
ing used in various aspects of agri- 
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Fig. 17.9. Outline of the path of carbon 
in photosynthesis. 


eulture to provide information that 
could not be secured in any other way. 
For example, phosphorus is often ap- 
plied to the soil to improve plant 
growth, but there are several types of 
phosphate fertilizers available and it is 
not always obvious which is utilized 
most effectively by a given type of 
soil. The total amount of phosphorus 
taken up by the plant can be deter- 
mined by ordinary chemical analysis; 
but before the advent of tracers there 
was no way of distinguishing between 
the phosphorus derived from the soil 
and that obtained from the added 
fertilizer. The use of radiophosphorus 
as a tracer permits a distinction to be 
made and provides a means of ascer- 
taining the kind of phosphate which is 
best for a given soil and crop. ~ 
17.123. The procedure adopted is to 
start with phosphoric acid containing 
a known proportion of the radioactive 
phosphorus-32, and to convert this into 
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a phosphate, such as calcium super- 
phosphate, tricalcium phosphate, or 
hydroxyapatite, suitable for use as & 
fertilizer. A definite quantity of the 
labeled phosphorus is then applied to 
the soil in which plants are grown. At 
certain intervals a number of these 
plants are harvested, and the total 
phosphorus, derived from both soil 
and fertilizer, is determined by chem- 
ical analysis of their ash. Assuming, 
as is very probable, that the plant 
does not distinguish between ordinary 
and radioactive phosphorus atoms in 
the fertilizer, the radioactivity of the 
plant ash, combined with the meas- 
ured specific activity of the fertilizer, 
immediately gives.the amount of phos- 
phorus which the plant takes up from 
the latter. In this way the individual 
quantities derived from the soil and 
from the fertilizer can be estimated. 

17.124. Because experiments of this 
iype, which depend on the growth of 
plants, require a considerable time, the 
data are accumulated relatively slowly. 
Nevertheless, a number of interesting 
points have become apparent, and a 
few of them will be mentioned here, 
The proportion of phosphorus ab- 
sorbed from a given soil and fertilizer 
depends on the nature of the plant and 
. on the period of growth. Tobacco and 
corn, for example, both derive about 
65 percent of their phosphorus from the 
fertilizer in the early stages of growth, 
but near maturity the proportion has 
_dropped to 45 percent for the former, 
and to only 15 percent for the latter. 
Evidently, in this particular, rather 
poor, soil, corn requires most of its 
phosphorus fertilizer at the beginning, 
_and less toward the end of its growth. 
With potatoes on a similar soil, from 
50 to 60 percent of the phosphorus 
uptake came from the fertilizer during 
the whole period of growth. 

17.125. The ratio of phosphorus de- 
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rived from the soil to that obtained 
from the fertilizer varies with the type 
of soil, its phosphorus content, the 
amount of fertilizer added, and the 
nature of the crop being grown. In 
general, the higher the amount of 
phosphorus in the soil, the larger is 
the proportion which the plant obtains 
from this source. In greenhouse experi- 
ments made in Canada, in which wheat 
plants were grown in soil to some 
of which ammonium phosphate was 
added as fertilizer, it was found that 
the plants actually took up more phos- 
phorus from the soil in the presence 
of the fertilizer than they did in its 
absence. 

17.126. A study of great interest 
was made of the availability of phos- 
phorus in green manure. Wheat ferti- 
lized with labeled phosphate was grown 
as a green manure crop; it was then 
analyzed for its total phosphorus con- 
tent and mixed with soil so as to give 
the equivalent of 65 pounds of phos- 
phoric acid per acre. To another quan- 
tity of the soil was added an equal 
amount of phosphoric acid in the form 
of superphosphate, also labeled with 
phosphorus-32. Rye grass was planted 
in both cases, and from the radioac- 
tivity oe crops it appeared that the 
green manure phosphate is nearly as 
effective in supplying phosphorus to 
the plant as is superphosphate. 

17.127. The relationship between 
root growth and the uptake of phos- 
phorus from the soil has been investi- 
gated by placing fertilizer labeled with 
radiophosphorus at several depths and 
distances from growing plants. After 
various time intervals, the plants were 
harvested and analyzed for radiophos- 
phorus. The results provided informa- 
tion on the manner in which the 
phosphorus is taken up by the roots. 
With corn and certain other plants, 
for example, it was found that, as the 
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plant develops, the root feeding system 
is below the usual depth at which 
phosphate fertilizer is placed in the 
soil. Hence, when the plant was begin- 
ning to mature it was getting no ad- 
vantage from the added phosphorus. 
Somewhat deeper location of the phos- 

“phate gives better yields of these 
plants. 

17.128. Radioisotopes have  pro- 
vided a unique method for studying 
the feeding of plants through their 
leaves. It has been shown, withnitrogen, 
phosphorus, and potassium tracers, 
that nutrients are frequently absorbed 
much more readily from the leaves 
than through the root system. Absorp- 
tion can also take place through the 
twigs, flowers, and even the fruit. 

17.129. Although chlorophyll con- 
tains no iron, its formation in the green 
plant requires the presence of iron; if 
there is a deficiency of this element in 
the soil, plants develop the disease 
called chlorosis. The leaves are then 
yellow, instead of green, because of the 
shortage of chlorophyll, and photo- 
synthesis is greatly reduced. Plants 
sometimes exhibit chlorosis in certain 
soils which appear to contain adequate 
quantities of iron. The cause of this 
behavior was discovered by using a 
radioactive iron tracer; it was found 
that certain elements can interfere with 
the absorption of iron by the plant. 

17.130. Information of this kind has 
been applied in the successful growth 
of cotton plants, which was previously 
not possible, in the Tulare Lake region 
of California. By- radioactive tracer 
techniques it was established that the 
plants needed zine for adequate growth, 
but the uptake of this element was 
inhibited by phosphorus, which is es- 
sential to all plants, that is present in 
the soil. If extra zine was added, how- 
ever, the combination of zinc and 
phosphorus interfered with the absorp- 
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tion of iron and chlorosis developed in 
the plants. By including zinc and iron 
together with phosphorus in the ferti- 
lizer, excellent crops of cotton plants 
were produced. 

17.131. Isotopic tracers have also 
been used in several studies of animal 
nutrition and metabolism. For exam- 
ple, in order to determine the quantity 
of calcium taken up by a cow from a 
particular feed, the latter is labeled : 
with radioealeium. By observing the 
radioactivity of the milk and the ex- 
cretions, the fate of the calcium in the 
food can be traced. Similar studies can 
be made with radiophosphorus. These 
have shown that most of the phospho- 
rus in a cow’s milk comes from the 
element already in the bone and a 
relatively small proportion is derived 
directly from the feed. 

17.132. It was mentioned in § 17.90 
that measurements of the total amount 
of natural radioactive potassium-40 in 
the human body, with a whole-body 
counter, can serve to indicate the rela- 
tive proportions of fat and lean tissue. 
Similar estimates can be made for 
animals. By means of this technique it 
is possible to determine, with living 
animals, the best diet for encouraging 
the development of lean meat, rather 
than of unwanted fat, in a steer. 


INDUSTRIAL APPLICATIONS 
or RADIOISOTOPES 


17.133. Radioactive isotopes have 
found many applications in industry, 
both in research and in process control. 
In only a few of these applications is 
the nuclide used as a true tracer, i.e., 
as a means of identifying a particular 
element. In most instances, the radio- 
activity merely serves to define the 
location of a material with which the 
tracer is associated. Nevertheless, there 
are numerous problems that have been 
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solved in this manner where conven- 
tional methods are valueless. Other 
uses of radioactive nuclides depend on 
the attenuation or scattering of radi- 
ations which they emit; these will also 
be reviewed here. In addition, .refer- 
ence will be made later (817.186 et 
seq.) to instances in which the radia- 
tions themselves are utilized for vari- 
ous purposes. 

17.134, Because of the great variety 
of the ways in which radioisotopes are 
used in industry, it will not be possible 
to do more than present some typical 
examples. Several applications, it will 
be noted, deal with surfaces and thin 
films, where the quantities of materials 
involved are very small and radioactive 
tracers, which can be detected in ex- 
tremely minute amounts, consequently 
offer a distinct advantage. Wetting, 
detergency, and flotation of minerals, 
adsorption, and lubrication are exam- 
ples of surface phenomena upon which 
work has been done with radioactive 
tracers. 

17.135. The wear of surfaces, e.g., 
of piston rings and of gears in engines, 
and its prevention by means of suitable 
lubricants have been studied in the 
following manner. The part of interest, 
such as a steel piston ring, is exposed 
to neutrons in a nuclear reactor, so 
that it becomes radioactive. The piston 
ring is then fitted into the cylinder 
of an internal combusticn engine 
which is operated in the normal way 
with a particular lubricating oil. By 
determining the radioactivity removed 
by the oil, the extent of wear of the 
piston can be determined. Further- 
more, if a photographic film is placed 
against the walls of the cylinder, after 
cleaning off the oil, the radioactive 
material transferred from the piston 
ring can be detected by its radioauto- 
graph. Improvements in lubricating 
oils, and consequently in piston ring 
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and cylinder wear, result from such 
observations, 

"17.136. Metals in various forms, 
particularly as alloys of several ele- 
ments, are frequently subjected to 
different treatments, such as age- 
hardening, annealing, quenching, and 
cold-rolling. In order to understand the 
effects of such treatments, it is desira- 
ble to know what is happening to the 
constituent elements. Radioactive iso- 
topes of these elements provide a simple 
and effective tool for following their 
behavior, for the radioactive atoms will 
behave in exactly the same manner as 
the stable atoms of a given element. 
The location of the radioactive species 
can be determined at any time during 
the treatment of the alloy by making a 
radioautograph. 

17.137. The phenomenon of self- 
diffusion in a metal, i.e., the movement 
of the atoms of a metal within the erys- 
tal lattice, is of interest in connection 
with the properties of metals under 
stress at high temperatures. Since it is 
not possible to follow the diffusion 
among identical atoms, there is no way, 
without the use of a radioactive tracer, 
to obtain experimental data on this 
subject. A block of metal, such as 
copper, consisting of the stable iso- 
topes, has a layer of the same metal 
containing a radioisotope deposited on 
it, e.g., by electroplating. After sub- 
jecting the block to heat treatment, 
stress, etc., successive thin layers are 
shaved off the surface and their ac- 
tivity measured. In this way, the pene- 
tration or diffusion of the radioactive 
into the stable metal, which is the same 
as ordinary self diffusion, ean be deter- 
mined. 

17.138. Metallurgists have long been 
interested in the sulfur present in coal; 
some of this remains in the coke made 
from the coal, and a part ultimately 
finds its way into steel, where it is not 
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desired. In one particular instance it 
was required to know whether it was 
organic sulfur'in the coal or inorganic 
sulfur, usually present as the mineral 
pyrite, which remained in the coke. 
The problem was readily solved by 
adding to the coal a small quantity of 
pyrite containing some radioactive 
sulfur, which could be traced into the 
coke. Since the stable and radioisotopes 
of sulfur in the pyrite behave alike 
chemically, the results provided the 
desired information. It was found that 
the proportion of organic to inorganic 
sulfur in the coke was the same as that 
in the coal from whieh it was made. 

17.139, Another practical example 
of the use of radioisotopes in process 
metallurgy originated in the attempt 
to determine whether a fine powder of 
iron ore, obtained by concentration 
from a low-grade source, could be 
charged into a blast furnace or whether 
it would be blown out by the air blast. 
A quantity of the fine ore was exposed 
to neutrons in a reactor, so that it be- 
came radioactive. This was mixed with 
a large amount of the original fine ore 
and then with a different ore of a 
coarser type. After treatment in the 
blast furnace, the pig iron, slag, and 
dust were examined for radioactivity. 
The results showed that 60 percent of 
the fine ore remained in the furnace as 
pig iron. Although this proportion was 
higher than expected, the loss was too 
large to be tolerated. The results 
showed that further studies are needed 
to determine how to increase the reten- 
tion of the fine material. 

17.140. In the preceding example, 
the purpose of the tracer was to follow 
the movement of a bulk quantity of 
material. Although part of the ore was 
itself made radioactive by exposure to 
neutrons, the required information 
could probably have been obiained by 
using a tracer that was not directly 
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involved in the process taking place. 
There are many instances of applica- 
tions of this type in industry. For ex- 
ample, in the decomposition (‘“‘crack- 
ing") of petroleum to produce gasoline, 
the powdered catalyst is used in the 
form of a fluidized bed (§ 15.209). For 
maximum efficiency, the rate of flow of 
the catalyst through successive vessels 
must be controlled. This is frequently 
done by mixing a small quantity of a 
gamma-emitting radioactive nuclide, 
e.g., scandium-46 or zirconium-95, with 
the catalyst particles. Small samples 
are withdrawn at various locations and 
their radioactivity, as determined with 
suitable counters, can be related to the 
flow rate of the catalyst. This proce- 
dure has also proved valuable in re- 
ducing loss of the catalyst powder 
through the stacks. 

17.141. Sponge iron is often pro- 
duced in a continuous process involving 
the reduction of iron ore pellets in a 
furnace. In order to follow the move- 
ment of these pellets, spheres of the 
same size were made of a refractory 
material and a small piece of wire con- 
taining radioactive iridium-192 was 
embedded in each sphere. Three sets 
of spheres were prepared with different 
levels of radioactivity in order to 
permit their identification. One set of 
these labeled (tracer) spheres was 
mixed with the ore pellets near the 
wall of the furnace, another near the 
center, and the third set in between. 
The times at which the different tracer 
spheres left the furnace provided infor- 
mation concerning the flow of the ore 
in the reduction process. 

17.142. There are many instances in 
which a radioactive substance is used 
to follow the motion of liquids and 
gases, as well as of solids. Uniformity 
of mixing during the blending of gaso- 
lines, lubricating oils, greases, ete., can 
be readily observed if one of the con- 
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stituents is labeled with a radioactive 
tracer. When the mixing is complete, 
samples taken from different locations 
will have the same activity. Mixing of 
liquids in surge tanks and stills can be 
followed in a similar manner. Radio- 
active tracers also provide a convenient 
means for detecting leaks, especially in 
buried pipes carrying water or pe- 
troleum. A small quantity of a radio- 
active substance is dissolved in the 
liquid near the point of the suspected 
leakage. The actual location of the leak 
can then be found by-means of a sensi- 
tive gamma-ray counter, although the 
escaping liquid is not visible. 

17.143, Several methods of indus- 
trial gauging, e.g., of the thickness of a 
material or the level of a liquid in a 
tank, utilize the absorption or scatter- 
ing of radiation from a radioactive 
source. For checking the thickness of 
sheets of paper, cellophane, plastic, and 
rubber, and even of metal (steel) plates 
or pipe, a source of radiation is placed 
on one side and a detector on the 
other side (Fig. 17.10). If the material 
to be gauged is paper or other fairly 
weak absorber, the radiation can be 
‘beta particles, but for steel it is neces- 
sary to use gamma rays. The propor- 
tion of the radiation absorbed, and 
hence the amount reaching the detec- 
tor, depends on the thickness of the 
intervening material through which the 
radiation passes. A device of this kind 
gives a continuous record of the thick- 
ness while the machine is operating. It 
can be adapted to automatic control 
by providing an instantaneous signal 
that can be utilized to change the 
setting of the rollers in the production 
of sheets. 

` 17.144. When one material is coated 
on another, e.g., tin on steel in the 
fabrication of tin plate, the thickness 
of the coating can be determined by 
measuring the backscattering (or re- 
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flection) of beta particles. The extent 
of backscattering, as observed by a 
detector on the same side of the sheet 
as the source, is related to the thick- 
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Fie. 17.10. Radionuclide gauge in use ~ 
for checking thickness of rubber sheet. 
(Ohmart Corporation) 


ness of the coating. A similar technique 
has been used for checking the thick- 
ness of the asphaltic layer applied in 
road paving. 

17.145. Radiation is also employed 
as a means for indicating the level of 
a liquid in a closed tank. One way in 
which this is done is to place a gamma- 
ray source outside the tank on one side 
and a detector at the same level on the 
other side. If the source-detector level 
is below that of the liquid in the tank, 
much of the radiation will be absorbed 
in its passage through the tank and the 
detector will indicate a low reading. On 
the other hand, if the source-detector 
level is above that of the liquid, the 
gamma rays will pass through air (or 
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vapor) and a much higher reading will 
be observed. Consequently, if the 
source and detector are moved verti- 
cally, the level of the liquid in the tank 
is indicated by an abrupt change in 
the detector reading. t 

17.146. Information concerning the 
location of the surface of separation, 
the velocity of flow, and the degree of 
intermixing of oil stocks flowing in a 
pipe-line can be obtained by the use 
of a radioactive indicator injected be- 
tween two different oil stocks. The 
12.8-day barium-140 was originally 
employed for this purpose, but on 
account of its short life it lost a large 
proportion of its activity during the 
preparation and transportation of the 
material. Consequently, antimony-124; 
with a half-life of 60 days, is now 
commonly used; this nuclide emits, in 
addition to beta particles, gamma rays 
of long range which can be detected 
by means of a counter placed outside 
the pipe-line. Thus, the position and 
sharpness of the interface between the 
oil stocks can be determined. The 
decay product of antimony-124 is a 
stable isotope of tellurium, and hence 
the radioactivity disappears in a short 
time, so that it does not constitute a 
hazard. 


ACTIVATION ANALYSIS 


17.147. The uses of isotopes for ana- 
lytical purposes fall into three main 
categories, but the most important and 
most extensive applications are in 
activation analysis. The technique was 
first introduced by G. Hevesy (§ 17.7) 
and H. Levi in Denmark in 1936, and 
in recent years it has become a power- 
ful tool in many aspects of science and 
industry. The basic principle of activa- 
tion analysis is that one (or more) of 
the stable isotopes of a given element 
is "activated," ie., converted into a 
radioactive nuclide, by a suitable nu- 
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clear reaction, e.g., bombardment with 
neutrons, with accelerated charged 
particles, or by high-energy X-rays. 
The product can then be identified by 
its radiation, i.e., beta particles or 
gamma rays, and by its half-life. By 
using a comparison sample containing 
a known amount of the particular ele- 
ment and treating it in exactly the 
same way as the unknown specimen, 
the analysis can be made quantitative. 
17.148. The majority of activations 
are carried out with thermal neutrons 
from a reactor, leading to the (m,y) 
reaction. For this reaction to be suit- 
able for its intended purpose, the 
product must, of course, be radioactive 
and its half-life must be convenient for 
measurement, i.e., neither too long nor 
too short, Furthermore, the cross sec- 
tion for neutron capture must be suffi- 
ciently large for the product to acquire 
adequate activity for measurement in a 
reasonable exposure time. If these con- 
ditions are not met, as is true for many 
of the lighter elements, i.e., with atomic 
numbers less than about 26 (iron), 
other nuclear reactions are used. Since 
laboratory sources of fast (14 MeV) 
, neutrons are available ($8 11.17, 11.92), 
such neutrons are frequently employed 
to produce radioactive nuclides by 
(n,p), (n,d), and (n,2n) reactions. 
17.149. If a charged-particle accel- 
erator is available, then bombardment 
with high-energy protons, deuterons, 
tritons, alpha particles, or helium-3 
nuclei can be used when reaction with 
neutrons does not yield a preduct suit- 
able for activation analysis. The 
(SHe,p) reaction with helium-3, for 
example, is particularly valuable for 
the activation of very light elements, 
such as beryllium, carbon, and oxygen, 
and also of other elements up to iron. 
An indirect procedure for obtaining 
energetic charged particles is to make 
use of the neutron reactions (n,t) with 
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lithium-6 to form tritons, and (n,«) 
with boron-10 to yield alpha particles. 
The (y,n) reaction has also been em- 
ployed in activation analysis; the so- 
called gamma-rays are really brems- 
strahlung (X-rays) formed by allowing 
accelerated electrons to impinge on a 
heavy-metal target (§ 4.75). 

17.150. The radioactive species 
formed in the activation reaction 
should, if possible, produce gamma 
rays, either by direct emission, by 
annihilation of positrons, or as a result 
of internal conversion (characteristic 
X-rays). With the aid of a scintillation 
detector or, better, a lithium-drifted 
germanium semiconductor detector 
(§ 7.77), and a pulse-height analyzer, 
the radioisotope can be identified from 
‘the gamma-ray spectrum. By com- 
paring the height of (or the area under) 
the peaks, called the photopeaks, in 
the spectrum (cf. Fig. 7.7), with those 
of a standard sample, adjusted to the 
same decay time, the quantity of the 
element of interest can be calculated, 
Further identification of the radio- 
nuclide can be obtained, if necessary, 
by determining the half-life from the 
decrease of the photopeaks with time. 

17.151. Semiconductor 
have such excellent resolving power 
for gamma rays that several different 
radioactive species in a mixture can be 
identified simultaneously. Before the 
advent of these detectors, it was some- 
times necessary to separate the nu- 
clides present by chemical (or physical) 
means using a stable carrier isotopic 
with the radioactive nuclide. But with 
the lithium-drifted germanium detec- 
tor, such separation is necessary only 
when the photopeaks of two species 
coincide or overlap. Even then, it can 
often be avoided by taking advantage 
of differences in half-lives. By allowing 
sufficient time, the species with the 
shorter half-life may decay to a point 
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where it is no longer significant. An 
alternative possibility is to employ a 
different activation reaction, so that 
different nuclides are formed. If the 
activated species emits only negative 
beta-particles, separation may be re- 
quired unless the observed decay rate 
shows that only a single species with 
the correct, half-life is present. 

17.152. The activation method of 
analysis has several advantages over 
more conventional procedures. In the 
first place, it is commonly a non- 
destructive technique which does not 
require removal of a sample from (or 
the destruction of) the object being 
analyzed. Second, it is highly sensitive 
and permits the quantitative deter- 
mination of elements present in such 
small traces that other methods would 
fail. Finally, activation analysis often 
provides a simple alternative to much 
more difficult and tedious procedures. 
The smallest quantity of an element 
that can be detected and measured by 
activation depends mainly on the cross 
section of the activation reaction and 
the flux (or density) of the bombarding 
particles; the larger these two quanti- 
ties, the smaller the amount of the 
element that can be determined, As a 
general rule, however, the minimum 
detectable amount is in the range of 
a microgram (10-5 gram), i.e., a mil- 
lionth part of a gram, to a thousandth 
part of a microgram (10-9, gram); in 
some instances the minima are even as 
low as 10-"! to 10-1? gram. 

17.153. The main drawback of the 
activation technique is that, for meas- 
urements of a high degree of sensi- 
tivity, a large flux of the bombarding 
particles is required, e.g., from a nu- 
clear reactor or particle accelerator. 
The compact accelerators available 
commercially for generating 14-MeV 
neutrons, by the (d,n) reaction with 
tritium, can also be used to provide 
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thermal neutrons by slowing down in a 
moderator (§ 11.36). Where high sensi- 
tivity is not necessary, ordinary lab- 
oratory (a,n) or (y,n) sources of 
neutrons, such as are described in 
$11.14 et seq., may be employed. In 
fact, the first activation analysis was 
performed with such a radium-beryl- 
lium (o,n) source of neutrons. 

17.154. Almost every stable element 
can be activated by one nuclear reac- 
tion or another, and hence the potential 
uses of activation analysis are almost 
limitless. Several hundred applications 
have alfeady been reported and many 
more may be expected. A few illus- 
trations are given here, but they are 
intended to provide no more than an 
indication of the areas of science and 
technology that have benefited from 
the use of activation analysis. 

17.155. The most common applica- 
tion of the technique is probably in 
testing highly purified substances for 
traces of impurities, Construction ma- 
terials and moderators for nuclear 
reactors, for example, must be excep- 
tionally free from elements that cap- 
ture neutrons to a significant extent. 
Activation analysis provides a sensitive 
means for detecting such impurities. 
In the production of semiconductor 
devices, e.g., transistors, detectors, 
etc., the basic material, usually silicon 
or germanium, must be very pure: 
Traces of undesirable impurities are 
determined by activation analysis, In 
the same general category is the neces- 
sity for controlling the small amount of 
oxygen in steel. A routine automatic 
procedure has been developed in which 
the steel is bombarded with fast neu- 
trons, The oxygen-16 present in the 
steel is then determined by measuring 
the gamma rays from nitrogen-16 pro- 
duced by the reaction !*O(n,p)!5N. 

17.156. Certain trace elements, such 
as zinc, copper, manganese, and cobalt, 
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in proportions of a few parts per mil- 
lion, are known to play an important 
role in animal and plant life. It is 
possible that other elements are im- 
portant in life processes, but the 
amounts are too small to be detected 
by conventional techniques. Experi- 
ments are being made by the activation 
method to relate certain biological 
anomalies and diseases to the presence 
(or absence) of elements in minute 
traces. One question being asked is: 
Why is the incidence of dental cavities 
markedly lower in Napier than in 
Hastings, New Zealand, although the 
towns are only about 30 miles apart? 
Ordinary analyses of water, milk, and 
soil reveal no obvious differences. It is 
possible that small traces of molyb- 
denum and titanium, which can be 
detected only by activation analysis, 
may be responsible. A somewhat sim- 
ilar question is: Why are kidney stones 
more common in the southeastern 
United States than elsewhere in the 
country? Here also, minute amounts 
of trace elements may be involved, 

17.157. Activation analysis has 
found many applications in geophysics 
and geochemistry. Rocks, soils, and 
sands have been analyzed for the 
presence of trace elements that might 
throw light on the origin of the respec- 
tive materials. Variations in the iso- 
topic composition of the same element 
found in different locations or in differ- 
ent minerals, which can often be deter- 
mined by activation analysis, are used 
in dating geological specimens. Fur- 
thermore, meteorites have been ana- 
lyzed for more than 40 trace elements, 
some of them present in proportions of 
about one part in a hundred million. 
The analyses are useful in determining 
the ages of these objects that fall to 
earth from space (§ 17.175). 

17.158. An extension of the analysis 
of terrestrial rocks is to determine the 
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composition of the surface of the moon. 
One proposal is to bombard the lunar 
surface with a series of pulses of fast 
(14-MeV) neutrons, produced from a 
compact generator landed on the moon 
by a spacecraft. A scintillation counter 
would detect the gamma rays produced 
and transmit the data to earth by 
telemetry. Three types of gamma rays 
are to be expected: first, inelastic 
scattering gamma rays (§ 10.96); sec- 
ond, capture gamma rays resulting 
from the reactions of the neutrons 
after they have been slowed down; 
and third, activation gamma rays 
emitted by radioactive nuclides formed 
by reactions with fast and: slow neu- 
trons. The inelastic scattering gamma 
rays will be produced almost simulta- 
neously with each pulse of fast neu- 
trons; the capture gamma rays will be 
somewhat delayed because of the time 
required to slow down the 14-MeV 
neutrons; and, finally, the activation 
gamma rays will be observed over a 
period of time, with the intensity de- 
creasing in accordance of the half-lives 
of the emitters. A detailed study of the 
various radiations should provide much 
useful information concerning the ele- 
ments present on the lunar surface. 
17.159. Activation techniques have 
proved especially valuable in the non- 
destructive analysis of rare archeolog- 
ical artifacts, where conventional 
methods would have required removal 
of samples. Moreover, it is possible 
to detect elements present in such 
traces that they would otherwise have 
been missed. By means of neutron 
activation analysis, the geographic 
origins of specimens of pottery have 
been identified and suspected forgeries 
have been confirmed by significant 
differences in the proportions of trace 
elements. Studies of the gold and cop- 
per contents of ancient Greek silver 
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eoins have revealed differences in the 
origins of the silver and, in some 
instances, deliberate debasement with 
copper. 

17.160. From the everyday stand- 
point, applications of activation anal- 
ysis in law enforcement and crime 
detection are perhaps the most intrigu- 
ing and a few examples will be given. 
Opium and marihuana contain trace 
elements which are specific to the place 
where the plants were grown; thus, the 
geographical origins can be determined 
by aetivation analysis, thereby facili- 
tating the tracing of illegal sources of 
the drugs. The capability of detailed 
matching of specimens of mud, strands 
of hair, specks of dirt, traces of paints, 
spots of grease, etc., by activation 
analysis opens up many possibilities in 
erime detection. In one case, compari- 
son of a sample of mud taken from a 
truck in New York with mud from a 
road in Georgia adjacent to an illicit 
still led to conviction of the driver of 
the truck. 

17.161. Activation -analysis has 
shown that human hair contains sev- 
eral trace elements in amounts that 
are characteristic of the individual 
from whom the hair was taken. It has 
been suggested, in fact, that the com- 
position of the hair is as specific of & 
person as his fingerprints. In this con- 
nection, the following is of interest. It 
was reported in 1962 that activation 
analysis indicated the presence of un- 
usual proportions of arsenie in hair 
taken from the head of Napoleon after 
his death on St. Helena. This led to the 
suspicion that he had been Slowly poi- 
soned. Later, however, it was found 
that hair removed some years before 
Napoleon's death contained a similar 
quantity of arsenic. The poisoning 
theory is thus open to question. Actu- 
ally, arsenic is a common trace con- 
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stituent of hair, although the propor- 
tion varies from one individual to 
another. 

17.162. A method, which is much 
more sensitive than the traditional 
“paraffin test,” for determining if a 
person has fired a gun, is based on 
neutron activation. In the conventional 
test, molten paraffin is applied to the 
side of the hand in the region of the 
thumb and first (trigger) finger; after 
solidification, the paraffin is removed 
and tested by chemical methods for 
nitrates or nitro-compounds normally 
present in the explosive charge. In the 
activation procedure, the paraffin cast 
(or a wipe from the hand) is irradiated 
with slow neutrons and then examined 
for radioactivity. If the hand has been 
used to fire a gun, characteristic 
gamma rays, produced by activation of 
barium and antimony in the cartridge 
primer, can be readily observed. The 
relative proportions of these two ele- 
ments present may even indicate the 
source of the ammunition fired. 


OTHER ANALYTICAL APPLICATIONS 
or ISOTOPES 


17.163. In addition to activation 
analysis, there are two other methods 
in which isotopes may be used for 
analytical purposes. One, called tracer 
analysis, involves the addition of a 
known amount of an isotopic material* 
to a given (total) quantity of a partic- 
ular element. In view of the essential 
identity in properties of the isotopes, 
the proportion of radioactive to stable 
isotopes, i.e., the specific activity, will 
always remain the same after allowing 
for natural decay. A determination of 
the radioisotope at any time, by means 


* It should be understood that for a radi 


known rate of particle emission as de 


ioactive isoto| 
by a suitable counter. 
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of a particle counter, will then imme- 
diately indieate the total amount of 
the element present. 

17.164. As an example, suppose it is 
required to analyze a solution for the 
element A which is present in very 
small amount. Let the element B be 
one which forms an insoluble com- 
pound AB;} a solution of B is prepared 
with one of its radioisotopes in known 
proportion, i.e., known specific activ- 
ity. The solution of B is then added to 
A in sufficient amount to precipitate 
all the A as the insoluble AB. The 
precipitated AB is separated and 
counted. From the observed count rate 
the total quantity of B present in the, 
precipitate can be calculated; this is 
equivalent to the amount of A in the 
precipitate and hence to the quantity 
in the original solution. An illustration 
of this procedure is the use of disodium 
hydrogen phosphate, containing a 
known proportion (specifie activity) 
of radioactive phosphorus-32, to deter- 
mine small amounts of magnesium in 
solution. 

17.165. Another application of tracer 
analysis is to measure the solubilities 
of sparingly soluble salts. In fact, this 
represents the earliest use of the tech- 
nique by G. Hevesy and F. A. Paneth 
(817.7). To determine the solubility 
of lead sulfate, for example, a sample 
of lead nitrate is prepared containing 
a known ratio of the alpha-emitting 
isotope radium D. The nitrate is dis- 
solved in water and a solution of a 
sulfate added to precipitate the lead 
as lead sulfate. The solid lead sulfate, 
containing the radium D tracer, is then 
used to prepare a saturated solution 
in water. This solution is evaporated 


a “known amount” refers to a 


{For simplicity, it is assumed that the compound is AB, but the argument would be un- 
changed if it had the formula ABC, or anything similar. 
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and its alpha activity is measured. 
The total amount of lead in the solu- 
tion, and hence the solubility of lead 
sulfate, can then be calculated from 
the known proportion of radium D. 
17.166. In the other analytical tech- 
nique, called isotopic dilution analysis, 
a compound of a particular element, 
for which the analysis is to be per- 
formed, is prepared containing a known 
fraction of the tracer isotope. A defi- 
nite amount of this mixture is then 
added to the system under study, and 
the quantity of the element present 
can then be evaluated from the de- 
erease in concentration, i.e., the dilu- 
tion, of the tracer isotope. The method 
can be used with either radioactive or 
Stable tracer isotopes. In the former 
case, the change in concentration is 
found by measuring the activity of a 
known mass (or volume) before and 
after addition to the system being 
analyzed. If the tracer isotope is stable, 
a mass spectrometer is usually ém- 
ployed to determine the extent of dilu- 
tion. When deuterium (as heavy water) 
is used as a tracer, however, the pro- 
portion present is obtained by measur- 
ing the density of the water. The 
procedures described in § 17.79 for 
estimating the quantity of red cells in 
the blood and the total blood volume, 
and in § 17.123 for studying the up- 
take of phosphorus by plants are ex- 
amples of isotopic dilution analysis. 
17.167. The dilution principle has 
also been applied to determine the 
volume of water in the body. For this 
purpose, either the stable isotope deu- 
terium or the radioactive tritium can 
be used as a tracer. A definite volume 
of water, containing a known amount 
of one of these isotopes, is injected 
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into the body, and after allowing about 
an hour for uniform mixing to take 
place, a sample of serum is withdrawn 
and its isotope content is measured. 
From the change in concentration, the 
volume of water in the body can be 
calculated. If the isotope concentration 
is found to be decreased by a factor 
of 1000, for example, then the volume 
of water in the body is 1000 times that 
originally injected. The sodium space 
of the body, ascribed to its extracellu- 
lar volume, has been estimated in a 
somewhat similar manner by injecting 
a solution containing a known concen- 
tration of radioactive sodium, as so- 
dium chloride. 

17.168. A useful application of the 
isotopic dilution method has been made 
in connection with the extremely diffi- 
cult and tedious process of analyzing 
the mixture of amino acids resulting 
from the chemical hydrolysis of pro- 
tein outside the body. In order to 
determine the amount of glycine, for 
example, a specimen of this amino acid 
is prepared in which some of the nor- 
mal nitrogen-14 is replaced by nitro- 
gen-15 to act as the tracer. The ratio 
of the two isotopes present is deter- 
mined by a mass spectrometer. A 
known quantity of the labeled product 
is added to the system to be analyzed, 
and from it (or a portion) a specimen 
of glycine is extracted and subjected 
to mass spectrometric analysis, From 
the change in the ratio of nitrogen-15 
to nitrogen-14, the extent of dilution 
can be estimated. Multiplication of 
the amount of labeled glycine added 
by the dilution factor gives the total 
quantity of glycine in the system. The 
same procedure is followed for other 
amino acids in the original mixture.* 


* Isotopic exchange of nitrogen between the various amino acids, referred. to in dion 


does not arise since the enzymes responsible for the exchange reactions are destroye 


hydrolysis. 


in the 
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Isoropic DATING IN GEOLOGY 
AND COSMOLOGY 


17.169. In 1907, the American phys- 
icist B. B. Boltwood (§ 5.44), then 
working in Rutherford’s laboratory in 
Manchester, England, suggested that 
the age of a rock or mineral containing 
uranium could be determined from the 
known half-life of the parent, e.g., 
uranium-238, and the quantity of he- 
lium that had accumulated from the 
emitted alpha particles. 'This concept 
was applied some years later by F. A. 
Paneth (817.7) and his associates in 
England, but two important sources of 
error were encountered. First, some of 
the helium gas has escaped from the 
specimen during the many million 
years that have elapsed since it was 
formed. Second, and perhaps more im- 
portant, is that not all the helium 
present in minerals is the result of 
radioactive decay. A considerable pro- 
portion is formed by spallation reac- 
tions ($ 10.84) in heavier elements, e.g., 
iron, induced by the particles of very 
high energy present in cosmic rays 
(Chapter 19). This has been estab- 
lished by the observation that the ratio 
of helium-3 to helium-4 in the gas 
extracted from minerals is considerably 
larger than the normal ratio of these 
isotopes in atmospheric helium. Such 
a large proportion of helium-3 is to be 
expected from spallation reactions. 

17.170. Although the particular ap- 
plication proposed by Boltwood did 
not prove feasible, the basic principle 
has been utilized in other cases of 
radioactive decay to estimate the ages 
of materials of both geological and 
cosmological origin. The method may 
be illustrated by reference to uranium- 
238. Consider the radioactive decay 
equation (5.3), ie, Ne= Noe; No 
may be taken as the amount of ura- 
nium-238 originally present in a min- 
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eral at the time it was formed, N; is 
the amount still left after the lapse 
of the time #, which represents the 
age of the mineral. Since essentially all 
the uranium-238 which has decayed 
has been converted into lead-206, the 
quantity of the latter present is equal 
to No — N;. It follows, therefore, that 


23:5U = esU 4 26pp)gM, 


where the symbols **U and Pb refer 
to the amounts of the respective nu- 
clides existing at the present time in à 
given piece of mineral These quan- 
tities can be determined by experi- 
ment, and À, the decay constant (equal 
to 0.693/T, where T is the half-life) 
of uranium-238, is known; hence the 
age t of the mineral can be calculated. 
A similar expression will hold for the 
relationship between uranium-235, the 
parent of the actinium series, and its 
end product lead-207, i.e., 


2U = eU + 37 Pb)e-"', 


where A' is the decay constant of 
uranium-235. Thus, two sets of meas- 
urements on a uranium mineral, con- 
taining both isotopes, will serve as a 
check on one another. 

17.171. A simpler and more accurate 
method of age determination is pos- 
sible if one of the two equations given 
above is divided by the other; the 
result, after rearrangement, is 


sepp ^ SU(e* — 1) 


pp — ssp(ert— 1) 


The present (atomic) ratio of "*U to 
"sU is known to be 139 and ) and X 
can be determined from the known 
half-lives of the two isotopes of ura- 
nium; hence, the age of the mineral 
can be calculated if the ratio of "Pb 
to Pb is determined with a mass 
spectrometer. 

17.172. A difficulty in applying any 
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form of the uranium-lead method of 
age determination arises from the pos- 
sibility that the lead may not all be of 
radioactive origin. If this is the case, 
then the mineral will contain some 
lead-204, since this is not an end prod- 
uct of any radioactive series. The prob- 
lem may be overcome in two ways. 
The most reliable is to make use only 
of materials which do not contain lead- 
204; this restricts the applicability of 
the method. The alternative procedure 
is to determine the amount of lead-204 
by means of a mass spectrometer and 
from this to estimate (and allow for) 
the lead-206 and -207 that are not of 
radioactive origin. This can be done if 
the proportions of these three lead 
isotopes in a completely nonradiogenic 
mineral are measured. The oldest 
known minerals containing uranium 
have been found to have an age of 
about 4.6 X 10° years. 

17.173. Minerals containing rubid- 
ium may be dated by making use of 
the fact that rubidium-87 present in 
nature undergoes beta decay and forms 
strontium-87. It follows, therefore, that 


“Rb = (Rb + grew 
or 


where ) is now the decay constant of 
rubidium-87. Hence, if the ratio of 
strontium-87 to rubidium-87 can be 
determined, the age t of the mineral 
can be calculated. It is by no means 
easy to measure this ratio, and the 
method commonly employed is to de- 


termine spectroscopically the ratio of 


total rubidium to total Strontium, and 
then to use isotopic analysis by the 
mass spectrometer to allow for non- 
radioactive and nonradiogenic isotopes. 

17.174. In the two methods for age 
determination described above it is 
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necessary either to assume that the 
product, i.e., lead or strontium-87, is 
entirely of radioactive origin or to al- 
low for the proportion that is not. The 
procedure based on the decay of potas- 
sium-40 to argon-40 avoids this diffi- 
culty because argon is a gas, Hence, 
none could have been present in the 
mineral at the time it was formed and 
all the argon must have accumulated 
from the decay of potassium-40 during 
the lifetime of the mineral. In calcu- 
lating the age from the argon-40/potas- 
sium-40 ratio, however, allowance must 
be made for the two modes of decay 
of potassium-40, namely, 11 pereent to 
argon-40 (by orbital-electron capture) 
and the remainder to calcium-40 (by 
beta-particle emission). The expression 
for the ratio of argon-40 to potassium- 
40 at time ¢ is therefore 


40 A 

uy 7 011(9 — 1), 

where à is the total decay constant 
of potassium-40. The accurate deter- 
mination of the relatively small pro- 
portion of argon-40 in a mineral is 
facilitated by using the activation 
method of analysis. 

17.175. The | potassium-40 decay 
technique has found particular appli- 
cation in dating stony meteorites, The 
maximum age of these extraterrestrial 
objects has been found to be about 
4.6 X 10° years. On the basis of these 
and other measurements which give 
similar values for the oldest minerals 
on earth, it has been concluded that 
earth and the planetary (or similar) 
body from which the meteorites orig- 
inated became coherent members of 
the solar system some 4.6 X 10° years 
ago. Consequently, this is generally 
accepted as the age of the earth. 

17.176. Another type of age deter- 
mination has been performed with both 


The Uses of Isotopes and Radiations 713 


stony and iron meteorites. It depends 
on the formation of helium-3 by the 
action of cosmic-ray particles, as men- 
tioned earlier. By combining informa- 
tion concerning the distribution of par- 
ticle energies in cosmic rays and the 
results of laboratory experiments, the 
amount of helium-3 formed can be 
related to the time of exposure to the 
rays. Thus, by measuring the quantity 
of helium-3 in the surface layers of a 
meteorite, the exposure time (or cos- 
mic-ray age) can be computed. The 
maximum age found in this manner, 
for iron meteorites, is 1.5 X 10° years. 
It appears, therefore, that the body 
which produced the meteorites began 
to disrupt some 3 X 10? years after it 
was formed about 4.6 X 10? years ago. 
The small pieces were then exposed to 
cosmie rays and helium-3 accumulated 
in their surfaces. Previously, most of 
these pieces had been in the interior of 
the parent body and so were not sub- 
jected to the action of cosmie rays. 


RADIOCARBON DATING 


17.177. The methods described above 
are useful for dating minerals of con- 
siderable age. For more recent objects, 
especially those of animal or vegetable 
origin, the radiocarbon method has 
proved to be of great value. In 1934, 
A. V. Grosse in the United States in- 
dicated the possibility that radioactive 
isotopes could be formed in nature by 
the action of cosmic rays. Twelve years 
later, W. F. Libby, also in the United 
States, made the specific suggestion 
that carbon in living matter might be 


expected to contain a definite, if small, 


proportion of the long-lived carbon-14 
radioisotope, formed by the “N(n,p) 
HC reaction between atmospheric nitro- 
gen, which is 99.6 percent nitrogen-14, 
and neutrons from cosmic rays. 

17.178. Any radiocarbon formed in 
this way will soon be converted into 
earbon dioxide; it will thus be taken 
up by plants in photosynthesis, built 
up into carbohydrates to be consumed 
by animals, who will then return part 
to the atmosphere in respiration. As a 
result of the operation of the familiar 
plant-animal carbon cycle, an equilib- 
rium will be established in the course 
of time, and all carbon present in living 
matter will contain a constant equilib- 
rium concentration of the carbon-14 
isotope. This amount will be deter- 
mined by the rate of formation from 
the cosmic-ray neutrons, and the nat- 
ural decay of carbon-14 back to nitro- 
gen-14. An examination of specimens 
of “new” wood obtained from sources 
in various parts of the world has indi- 
cated that, in every case, there is a 
constant radioactivity, equivalent to 
15.3 disintegrations per minute per 
gram of carbon, within the limits of 
experimental error.* 

17.179. Once a carbonaceous mate- 
rial has been separated from equilib- 
rium with the plant-animal cycle, it is 
expected that the carbon-14 will decay, 
with its normal half-life of 5730 years. 
In this event, the activity of “old” 
carbon, such as that present in coal 
or oil, which has been removed from 
the life cycle for hundreds of millions 
of years, should be extremely small. 
This expectation has been confirmed 


* This rate of disintegration of “new” wood applies to the situation prior to 1952; since 
that time, large numbers of neutrons have been released in the testing of thermonuclear 
(hydrogen) bombs (cf. § 14.120). As a result, the carbon-14 content of the atmosphere (and 


of living organisms) had increased significan 


tly by the time atmospheric testing was termi- 


nated by the United States, the United Kingdom, and the U.S.S.R. at the end of 1962. Since 


then the carbon-14 has been 


decreasing, mainly by carbon dioxide dissolving in the oceans, 


but it will be several years before the pre-1952 value js attained even in the absence of further 


tests. 
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by the failure to detect any appreciable 
particle count in excess of the normal 
background value. 

17.180. The interesting prospect 
opened up by the theory outlined 
above is the possibility of being able 
to determine the age of various carbon 
products in the range of about 1000 
to 50,000 years. The assumption made 
is that when formed these substances 
had the same activity as “new” carbon 
compounds. do at present (or rather 
did before 1952), and that since re- 
moval from the life cycle the carbon-14 
has decayed with a half-life of 5730 
years. Thus, in the decay equation 
N, = Noe™, the value of No is taken 
as 15.3 disintegrations per minute per 
gram of carbon, N, is the correspond- 
ing number of disintegrations as de- 
termined at present, i.e., at the age of 
t, and à is the decay constant for 
carbon-14. Since the half-life of the 
latter is 5730 years, A is 0.693/5730 
in reciprocal years. Hence, if the num- 
ber of disintegrations per minute per 
gram of old carbon is determined, its 
age can be readily calculated. 

17.181. The method of radiocarbon 
dating has been extensively used in 
recent years for a great variety of age 
measurements, especially of specimens 
of archeological and geological inter- 
est. These include such.objects as seeds, 
charred bones, textiles, wood, and char- 
coal from Egyptian tombs, from Amer- 
ican cave dwellings and from many 
other sources, and wood, peat, and 
mud from the latest glacial age. An 
example of interest is the determina- 
tion of an age of about 1900 years 
for the scrolls discovered in 1947 in a 
cave near the Dead Sea. The dating of 
materials from Egyptian tombs up to 
some 5000 years old by the carbon-14 
method has given ages in general agree- 
ment with the most reliable archeolog- 
ical values (cf. § 17.183). 
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17.182. The validity of radiocarbon 


‘dating depends on the postulate that, 


when originally formed, the dated ma- 
terials had the same content of car- 
bon-14 as new material has now. Since 
this isotope results from the capture of 
neutrons from cosmic rays, a basic 
assumption is that the intensity of 
cosmic rays has not changed appreci- 
ably during the course of the past 
50,000 years. In order to test this point, 
J. L. Kulp, of the Columbia University 
Geological Observatory, determined 
the ages of certain ocean-bottom sedi- 
ments by the radiocarbon method and 
also by measurements based on the 
content of ionium (thorium-230). Good 
agreement was obtained for deposits 
dating back to 25,000.years. Since the 
ionium method is independent of cos- 
mic-ray intensities, it was concluded 
that the latter has not varied by more 
than 10 to 20 percent for any sustained 
period. 

17.183. Although the amount of car- 
bon-14 in the atmosphere has not 
changed markedly for several millennia, 
there is evidence that there have been 
some variations of a relatively minor 
nature. For one thing, the consump- 
tion of fossil fuels, such as coal and 
oil, during the past hundred years or 
so has resulted in a small reduction in 
the proportion of carbon-14 in atmos- 
pheric carbon dioxide. But this prob- 
ably does not amount to more than 
about one or two percent. Of greater 
magnitude are the variations indicated 
by discrepancies between carbon-14 
ages and those given by tree-ring dat- 
ing of various specimens of ancient 
wood. There is evidence of fluctuations, 
sometimes positive and sometimes neg- 
ative, between 1400 and 1700 a.p. Be- 
tween 1400 A.D. and about 100 B.C., 
the radiocarbon ages are greater than 
the tree-ring values, but from the lat- 
ter time to as far back as the observa- 
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tions go (1625 B.c.), the radiocarbon 
ages become increasingly too small. 
Between 1600 and 1625 s.c., the dis- 
crepancy is about 175 years. This result. 
agrees with the conclusion of archeolo- 
gists that the carbon-14 ages of objects 
from the earliest Egyptian dynasties, 
i.e., about 3000 B.c., are too short by 
300 years or more. A possible explana- 
tion of the apparent errors in the radio- 
carbon dates is that earth's magnetic 
field has varied somewhat over the 
years. Such variation would affect the 
intensity of the cosmic rays near earth 
(cf. § 19.14) and, hence, the carbon-14 
content of the atmosphere. 


ISOTOPES AND GEOLOGICAL 
TEMPERATURES 


17.184. An entirely different appli- 
cation of isotopes, having some geo- 
logical interest, deals with a method 
originated by H. C. Urey (86.68) in 
1947 for the determination of the tem- 
perature of the sea in prehistoric times. 
Reference has been made ealier to the 
fact that isotopes of a given element 
can exchange in certain chemical com- 
pounds until a state of equilibrium is 
attained. The position of the equilib- 
rium, as with chemical equilibria in 
general, depends on the temperature. 
A case in point is the isotopic ex- 


change equilibrium between the oxy-, 


gen in water and that in calcium 
carbonate deposited from it. Caleula- 
tions show that if the carbonate sepa- 
rates at 0°C, it will be enriched in 
oxygen-18 by a factor of 1.026 over 
that in the water; at 25°C, the cor- 
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responding factor will be 1.022. This 
difference for a change of 25°C is quite 
small, but it should be detectable by 
means of a mass spectrometer. Hence, 
accurate determination of the isotopic 
abundance of oxygen-18 in calcium 
carbonate which has separated from 


_ water should make it possible to esti- 


mate the temperature of the water. 
17.185. “It is evident," says Urey, 
“that.if a [marine] animal deposits 
calcium carbonate in equilibrium with 
water in which it lives, the shell* sinks 
to the bottom of the sea and is buried 
securely in the earth and remains un- 
changed . . . it is only necessary to 
determine the ratio of the isotopes of 
oxygen in the shell today, in order to 
know the temperature at which the 
animal lived." The theory connecting 
the isotopic composition of the calcium 
carbonate with the temperature of the 
water is not exact, and is, in any event, 
applicable to pure water; consequently 
an empirical relationship was estab- 
lished by examining a number of shells 
of marine animals existing at the pres- 
ent time in seas ranging in temperature 
from 0° to 28°C. From the proportion 
of oxygen-18 present in fossil bele:n- 
nites, the temperatures of the Upper 
Chalk layers of the Upper Cretaceous 
system of the county of Hampshire, 
England, were „estimated to have 
changed steadily from 26.5? to 18.8°C 
over a period of about 10 million years. 
Similar studies with various fossil shells 
have thrown much light on the changes 
in earth's climate that have taken place 
during the past 150 million years. 


APPLICATIONS OF RADIATIONS 


RADIONUCLIDES IN RADIOGRAPHY- 

17.186. Itis well known that X-rays 
are used to investigate the interiors of 
metallic castings without the necessity 


of destroying them. The source of the 
rays is placed on one side of the casting 
and a photographic film on the other 
side. The X-rays penetrate the metal, 


* The shells aad sometimes the skeletons of marine animals consist of calcium carbonate. 


716 


and affect the photographic emulsion; 
from the nature of the image obtained 
the presence of flaws or defects can be 
detected. The apparatus required for 
the production of X-rays powerful 
enough to pass through a considerable 
thickness of metal is cumbersome and 


inconvenient to manipulate, In some | 


MC 


Fie. 17.11. Portable gamma-ray source e da for radiographic inspection of submarine 
hull. 


instances, therefore, radioactive ma- 
terials, e.g., radium, which emit highly 
penetrating gamma rays, have been 
used instead of X-rays. As seen in pre- 
ceding chapters, the two types of radia- 
tion are essentially identical, the only 
difference being possibly in the energy 
(or wave length). 

17.187. Instead of using radium, the 
process of radiography, as it is called, 
may be performed conveniently with a 
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compact and portable source of gamma 
rays, such as a specimen of cobalt-60. 
One advantage of a cobalt-60 source is 
that it can be made in any desired 
shape from cobalt (or a cobalt alloy) 
and then irradiated in a nuclear re- 
actor. Moreover, the gamma-ray source 
may be moved to locations not readily 


» 


accessible to X-ray equipment (Fig. 
17.11). 

17.188. A number of radiation 
sources with cobalt-60 have been used 
for industrial radiography. The high 
energies (§ 17.95) of the gamma rays 
and the moderately long half-life (5.26 
years) are useful assets. Where gamma 
rays of somewhat lower energies are 
adequate, cesium-137 offers the ad- 
vantage of a longer half-life (30 years). 


The Uses of Isotopes and Radiations 


Radiographic sources of fairly high 
gamma-ray energy have also been made 
from iridium-192, but this has a half- 
life of only 74 days. For many applica- 
tions, when the radiations do not have 
to penetrate substantial thicknesses of 
a dense metal, radioisotope sources 
emitting radiations of low energy, e.g., 
below 0.1 MeV, may be preferred. Such 
sources require less shielding, for the 
protection of the operator and other 
persons in the vicinity, than do sources 
of higher energy, Among the nuclides 
used for low-energy industrial radiog- 
raphy are-samarium-145 (half-life 360 
days), gadolinium-153 (236 days), and 
thulium-170 (129 days); the latter does 
not emit gamma, rays, but the brems- 
strahlung from the beta particles serves 
the same purpose. In addition, iodine- 
125 (half-life 64 days) is utilized in 
what is described as a “pocket X-ray 
unit" for obtaining radiographs of parts 
of the human body. 


ELECTRIC POWER FROM 
RADIONUCLIDES 


17.189. When alpha or beta particles 
and gamma rays from a radioactive 
source are absorbed in matter, the en- 
ergy of the radiation is converted into 
heat; this heat can be utilized in the 
production of electricity or other form 
of power. Alpha- and beta-particle 
emitters are preferred for this purpose 
because these radiations are stopped, 
and deposit their energy as heat, in a 
relatively small thickness of absorber. 
In the odd-numbered SNAP series 
(§ 15.171) of devices, the heat liber- 
ated in the absorption of the radiations 
from various radioactive nuclides is 
used to generate electricity by thermo- 
electric conversion (§ 15.173 et seq.).* 
The first electric generator of this type, 
with a very low power, was operated 
at the. Mound Laboratory, Miamis- 
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burg, Ohio, in 1954, some two years 
before the initiation of the SNAP pro- 
gram. Since that time, the concept has 
been exploited in the United States, 
in the United Kingdom, and in Russia 
for the development of compact power 
sources for use in space and in unat- 
tended locations where reliability and 
long life are the main considerations. 

17.190. To provide a useful heat 
source for a thermoelectric generator, 
the radionuclide should emit alpha or 
beta particles of reasonably high en- 
ergy. The energies of alpha particles 
are usually suitable for the present 
purpose. There are also many beta- 
particle emitters which produce parti- 
cles of sufficient energy. In order to 
avoid the necessity for heavy shield- 
ing, there should either be no accom- 
panying gamma rays or such rays 
should have low energies. The half-life 
of the radionuclide source should not 
be too short, otherwise its activity (or 
rate of particle emission) and rate of 
heat liberation will fall off too rapidly. 
On the other hand, if the half-life is 
too long, the rate of particle emission 
from a reasonable mass will be too 
slow to produce heat at a useful rate. 
Combination of the particle energy, 
the rate of emission, and the density 
of the source leads to the criterion of 
specific power, i.e., the heat power (or 
rate of heat production) per unit mass; 
this should be as high as possible in a 
satisfactory radionuclide generator. 
Finally, the chosen nuclide should, if 
possible, be readily available at a rea- 
sonable cost. 

17.191. On the basis of the forego- 
ing considerations, eight radionuclides, 
whose characteristics are tabulated 
here, have been proposed for use in 
SNAP thermoelectric power genera- 
tors. Of these isotopes, strontium-90, 
cesium-137, cerium-144, and prome- 


* In SNAP-13 (§ 17.198), however, thermionic conversion is employed. 
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Nuclide Particle Emitted 
Strontium-90 Beta 
Cesiam-137 Beta 
Cerium-144 Beta 
Promethium-147 Beta 
Prlonium-210 Alpha 
Plutonium-238  , Alpha 
Curium-242 Alpha 
Curium-244 Alpha 


thium-147 are extracted from fission 
products. Polonium-210 is found in na- 
ture (radium F) but it is commonly 
made, at much lower cost, by exposing 
bismuth to thermal neutrons in a nu- 
clear reactor; the bismuth-209 is first 
converted into bismuth-210 by the 
(n,y) reaction and the latter decays 
(half-life 5.0 days) to yield polonium- 
210. The radionuclides plutonium-238, 
eurium-242, and curium-244 are also 
produced by neutron reactions; the 


- two latter, in particular, are relatively 


rare and expensive, although signifi- 
cant quantities will be available as a 
result, of the transplutonium produc- 
tion program (§ 16.68). 

17.192. SNAP-1 was designed to 
utilize cerium-144 and it was planned 
to employ the heat to vaporize mer- 
cury which was to drive a turbo-gen- 
erator, Difficulties were encountered 
in this somewhat ambitious project 
and it was discontinued. The next 
member of the series, SNAP-3, using 
polonium-210 as the heat source and 
a thermoelectric converter, produced 
power in January 1959. The thermo- 
electric elements consisted of pairs of 
p- and n-type semiconductors, based 
on lead telluride (§ 15.174). The po- 
lonium-210 was in a central capsule, 
surrounded by 54 (hot) p-n junctions; 
the same number of cold junctions 
were on the outside where they were 
kept cool by radiation. The maximum 
temperature of the hot junctions was 
about 550°C and the cold junctions 
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Half-life Form Used 
28 years Titanate 
30 years Glass 
285 days Dioxide 
2.52 years Sesquioxide 
138 days Element 
89.6 years Carbide (or metal) 
162 days Sesquoxide 
18.1 years Sesquioxide 


were at 150°C; these temperatures are 
typieal of thermoelectric generators 
using radionuclides. The complete 
SNAP-3 device was roughly 5.5 inches 
high and 4.75 inches in diameter and 
weighed 5 pounds; its design power 
was 5 watts of electricity, but it pro- 
duced about half this amount with 
half the normal loading of polonium- 
210. 

17.193. The SNAP-3 system was 
constructed for demonstration (‘proof 
of principle”) purposes, but a similar 
device, with plutonium-238 as the heat 
source, was used to provide electric 
power (2.7 watts) for the instruments 
on the satellite Transit IVA launched 
in June 1961 (Fig. 17.12). This gen- 
erator operated suecessfully for the five 
years (or more) of its expected life. 
Another one like it supplied power for 
the Transit IVB satellite in November 
1961. 

17.194. SNAP-5 was designed to uti- 
lize a strong promethium-147 source, 
but temporary difficulties in its pro- 
duction led to the abandonment of the 
project. Following the completion in 
August 1961 of a 10-watt radionuclide 
generator, with strontium-90 (titan- 
ate) as the heat source, for an unat- 
tended weather station on Axel Heiberg 
Island, 700 miles from the North Pole, 
the SNAP-7 type, with the same source, 
was developed. Several of these de- 
vices, with power outputs from 7.5 to 
60 watts, are employed for marine 
navigational lights and to supply power 
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for automatic weather stations, includ- 
ing one on Minna Bluff, 700 miles from 
the South Pole. The RIPPLE (Radio- 
active Isotope Powered Pulsed Light 
Equipment) generator, built in the 
United Kingdom to provide power for 
a flashing light on a lighthouse, also 
utilizes strontium-90, with semicon- 
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are shown in the figure. A 3-inch thick 
layer of uranium, depleted in uranium- 
235, serves as a (X-ray) radiation 
shield, and the fins on the outside are 
for cooling purposes. The total weight 
of this generator is over 2 tons, largely 
due to the heavy shield, and it pro- 
duces 60 watts of electric power. 


Fra. 17.12. A SNAP-3 power source being attached to a Transit satellite. (Applied 


Physies Laboratory, Johns Hopkins University) 


ductor thermocouples based on bis- 
muth telluride. It produces 2 to 3 watts 
of electrie power. 

17.195. The cutaway diagram in Fig. 
17.13 represents the SNAP-7F gener- 
ator used in powering navigational aids 
on an offshore platform in the Gulf of 
Mexico. The tubular eapsules in the 
center contain strontium-90 titanate 
and there are 120 pairs of lead telluride 
thermocouples, of which only a few 


17.196. Plutonium-238 is the heat 
source in the 25-watt SNAP-9A ther- 
moelectric generator, which weighs 
only 27 pounds. Two devices of this 
type supplied the power for Transit 
satellites placed in orbit in September 
and December 1963. The next two 
members of the series, SNAP-11 and 
SNAP-13, utilize curium-242, and are 
designed to have a useful life of only 
3 or 4 months, because of the short 


` 
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half-life of the source nuclides; SNAP- 
11, producing 20 to 25 watts of elec- 
tricity and weighing 30 pounds, is de- 
signed for landing on the moon, Fur- 


Fig. 17.13. Cutaway diagram of the 
SNAP-7F radionuclide power generator. 
(Martin Company) 


ther reference to SNAP-13 will be 
made in § 17.198. 

17.197. A special purpose generator 
of low power (0.001 watt) and of very 
light weight (about 1 pound) for mil- 
itary application is being designed as 
SNAP-15. It will use plutonium-238 
as the heat source and should have a 
lifetime of 5 years. The next two SNAP 
devices are to supply power for satel- 
lites. SNAP-17 is to produce 30 watts 
of electricity and weigh 30 pounds, 
using strontium-90 as the radioactive 
material. The second, SNAP-19, how- 
ever, will utilize plutonium-238, to 
yield 25 watts in a weight of 22 pounds. 
The related SNAP-27, with a power 
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output of 50 watts, is intended for 
placement on the moon by astronauts 
for experiments related to Project 
Apollo. SNAP-21, for undersea appli- 
cation, will have strontium-90 as the 
heat source and generate from 10 to 
60 watts of power. Finally, there is 
the high-power radionuclide generator, 
SNAP-29, for an undisclosed purpose, 
which is designed to yield 400 watts of 
electricity from polonium-210; the 
latter has the largest specific power 
(§ 17.190) of any of the nuclides men- 
tioned earlier, but its short half-life 
limits the useful lifetime to about 3 or 
4 months. 

17.198. The SNAP-13 system differs 
from the others in the respect that 
thermionic conversion is used to convert 
heat into electricity. In principle, such 
a converter consists of two electrodes 
of different metals; one, usually tung- 
sten, has a work function, i.e., energy 
required to.remove an electron from 
the surface, that is larger than that of 
the other. The former electrode is main- 
tained at a higher temperature, e.g., 
by supplying heat from a radioisotope 
source. As a result, there is a tendency 
for electrons to leave the heated metal 
of higher work function, which is called 
the emitter (or cathode), and to be trans- 
ferred to the other, cooler electrode, 
the collector (or anode). In this manner, 
a difference of potential (or voltage), 
roughly equal to the difference in the 
work functions of the two electrodes, 
is produced. If heat is continuously 
supplied to the emitter electrode and 
removed from the collector, e.g, by 
thermal radiation, a steady current of 
electricity should flow (Fig. 17.14). 

17.199. In practice, the electric cur- 
rent produced in a simple thermionic 
converter is limited by the develop- 
ment of a space charge due to the 
accumulation of electrons in the region 
between the electrodes, This charge 
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retards the emission of electrons from 
the cathode. The limitation is over- 
come by introducing cesium vapor into 
the space between the electrodes. The 


EMITTER COLLECTOR 
(CATHODE) (ANODE) 
ELECTRONS 
HEAT. NEUEN Gc HEAT 
IN OUT 
(PLASMA) 
CURRENT 
Fra. 17.14. Principle of thermionic con- 
version. 


cesium atoms ionize readily and the 
resulting positive ions help to neu- 
tralize the negative space charge. The 
presence of the positive ions and elec- 
trons also increases the electrical con- 
ductivity of the converter and makes it 
possible to generate a larger current 
for a given voltage. Because the cesium 
ions and electrons constitute a plasma 
(§ 14.107), a thermionic converter of 
the type just described is sometimes 
called a plasma thermocouple. 

17.200. There are some other meth- 
ods for converting radioactive energy 
into electrical energy which have not 
yet been exploited to any great extent. 
These are commonly referred to as 
nuclear batteries. One type, called the 
beta-current cell, was first demonstrated 


` by H. G.-J. Moseley (§ 4.24) in 1913. 


It consists of two conducting electrodes, 
namely, an emitter coated with (or 
containing) a beta-active substance 
and a collector. The space between the 
electrodes may be filled with plastic 
(dielectric) material or it may be a 
vacuum. The electrons (beta particles) 
from the emitter pass continuously 
through the intervening space to the 


collector and thus produce a flow of 
current. Strontium-90 has been used 
as the source of beta particles, but 
tritium is preferable because the parti- 
cles have such low energies (§ 17.105) 
that very little radiation shielding is 
required. The emitter electrode is then 
made by coating it with a thin layer 
of zirconium which readily takes up 
tritium gas.(cf. § 11.92). Cells of this 
type have high voltages, e.g., about 
1000 volts, but produce extremely small 
currents, e.g., à millionth part (or less) 
of an ampere. 

17.201. Another type of nuclear bat- 
tery makes use of a combination of 
scintillator and à semiconductor device 
for converting light into electricity, 
i.e., a photovoltaic cell. The latter is 
similar to the solar cells that provide 
power for many satellites and space 
probes by converting the energy of 
sunlight into electricity; Such a con- 
verter consists of a very thin layer of 
either an n- or a p-type semiconductor 
deposited on a crystal, usually silicon, 
of the opposite type. When the thin 
layer is exposed to light of a proper 
wave length, a flow of electrons occurs 
and a current is generated. A source of 
beta particles, e.g., promethium-147 
sesquioxide, mixed with a suitable 
phosphor, e.g., cadmium sulfide, is in- 
corporated in a transparent plastic. 
The light emitted falls on a photo- 
voltaie cell and a current is produced. 
The output voltage (or emf) is about 
1 volt and the current strength roughly 
20 millionths (2 X 10-5) of an ampere. 

17.202. In the contact potential dif- 
ference cell, first demonstrated by J. V. 
Kramer in 1924, the electrodes consist 
of two materials which differ markedly 
in their work functions, e.g., lead diox- 
ide (high) and magnesium (low). The 
gas between the electrodes, e.g., argon, 
is ionized by a radioactive material, 
eg. tritium gas. As a result of the 
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difference in work functions, the elec- 
trons are attracted to one electrode 
and the positive ions to the other; 
consequently a flow of current occurs. 
Space charge effects are not significant 
because the ionization electrons pro- 
duced by the beta particles have con- 
siderably higher energies than those 
formed in a thermoelectric converter. 
The emf of the cell is about 1.5 volts, 
but the current, which depends on the 
quantity of radioactive material, is 
generally extremely small. 


Raproisorores as Heat Sources 


17.203. In the SNAP generators, the 
heat produced by absorbing alpha or 
beta particles in matter is utilized to 
produce electric power. There are other 
space-related applications that take ad- 
vantage of the fact that radionuclides 
can constitute compact sources of heat 
energy. One proposal, for example, is 
to use the energy of a radioactive ma- 
terial, such as promethium-147, po- 
lonium-210, or plutonium-238, to heat 
the propellant gas (hydrogen) in low- 
thrust rockets. In the first successful 
test of this principle, made at the 
Mound Laboratory (§ 17.189) in 1965, 
a specific impulse (815.161) of 650- 
700 sec was maintained for 65 hours 
with polonium-210 as the heat source. 
The estimated temperature of the pro- 
pellant gas was about 1500*C. Another 
suggestion is to use radiations to heat 
a catalyst which will decompose the 
liquid monopropellant of the hydrazine 
type to produce hot gases for rocket 
propulsion. The work on the develop- 
ment of low-power thrusters utilizing 
radionuclides has been designated Proj- 
ect Poodle, because it is a smaller 
effort than Project Rover for rocket 
propulsion by nuclear energy (8 15.161). 

17.204. A system utilizing radioiso- 
tope heating has been developed for 
possible use in recovering water aboard 
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manned space vehicles on flights of 
long duration. It has the advantage of 
being simpler than an equivalent de- 
vice employing electrical heating and, 
furthermore, it produces little drain 
on the spacecraft's power supply. The 
waste water is first heated under low 
pressure to about 66°C by a pluto- 
nium-238 heat source. The water is 
vaporized and the vapor passes to a 
chamber containing a catalyst (ruthe- 
nium) where it is heated to a tempera- 
ture between 650° and 850°C, also by 
means of plutonium-238. Any impu- 
rities that may be present in the vapor, 
e.g. ammonia, volatile organic com- 
pounds, or bacteria, are destroyed by 
the catalyst. The water vapor is then 
condensed to yield potable water of 
high quality. 


CnuEMICAL ErrECTS OF RADIATIONS 


17.205. Chemical changes initiated 
by radiations from radioactive sub- 
stances were studied by S. C. Lind in 
the United States around 1910, but 
the subject of radiation chemistry, as it 
is now called, did not attract any great 
interest until after World War II. In 
recent years, many researches have 
been carried out in this area of chem- 
istry and since the early 1950s, when 
strong ‘sources of radiation became 
available, the industrial possibilities of 
radiation-induced chemical reactions 
have been considered. The mechanism 
of these reactions, which involve ion- 
ization, electron excitation, and the 


breaking of chemical bonds with the * 


formation of free radicals, is very com- 
plex. Nevertheless, many processes 
have been studied and the conditions 
for obtaining specific products have 
been elucidated. Of the numerous chem- 
ical reactions initiated by radiations, 
only a few having actual (or potential) 
applications in industry will be de- 
scribed. 


— 
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17.206. The compound ethyl bro- 
mide (C;H;Br) is an important inter- 
mediate in the large-seale synthesis 
of organie compounds. The common 
method of production is based on the 
reaction between ethyl alcohol and hy- 
drogen bromide gas, but the process is 
not very efficient. It was known that 
ethylene gas (C,H) ean be made to 
combine directly with hydrogen bro- 
mide (HBr) to yield ethyl bromide in 
the presence of a suitable catalyst. 
But the use of such a eatalyst in the 
produetion of ethyl bromide involved 
a number of problems and so attention 
was turned to the.possibility of utiliz- 
ing nuclear radiations to initiate the 
reaction. By 1963, an economical com- 
mercial process had been developed 
in which the (gamma) radiation is pro- 
vided by a cobalt-60 source. Ethylene 
and hydrogen bromide gases are fed 
into liquid ethyl bromide, from previ- 
ous production; the required reaction 
takes place as the liquid passes through 
the irradiation zone where it is ex- 
posed to gamma rays of the proper 
intensity. Since there are no by-prod- 
ucts of the reaction, the ethyl bromide 
formed requires no purifieation, apart 
from removal of excess hydrogen bro- 
mide. 

17.207. Perhaps the most practically 
useful chemical reaction of nuclear ra- 
diations is in the production and mod- 
ification of plastics. From the chemical 
standpoint, plasties consist of mole- 
cules of very high molecular weight, 
called polymers, which are formed by 
relatively simple molecules, known as 
monomers, joining with one another in 
various ways. In most polymeric sub- 
stances, the monomers are of the same 
type, but in copolymers two (or more) 
different monomers are involved. The 
properties of the plastic depend on the 
nature of the monomer (or monomers) 


and also on the manner in which the 
molecules are joined together. 

17.208. As a general rule, the poly- 
merization of the monomer, ie., its 
conversion into a plastic (polymer) ma- 
terial, is performed by adding a suitable 
catalyst (or initiator). There are many 
instances, however, in which poly- 
merization results from exposure to 
beta or gamma radiations from a ra- 
dioactive source or to high-energy elec- 
trons from an accelerator. In addition 
to producing polymers, radiation can 
modify the properties of plastics that 
have been made in other ways. An 
example is the use of 2-MeV electrons 
to produce a polyethylene film that is 
particularly suitable for airtight pack- 
aging of refrigerated foods. The poly- 
ethylene in the form of a tape is first 
made by chemical polymerization of 
ethylene. The tape is then exposed to 
high-energy electrons; as a result, the 
polyethylene polymer is so modified 


'that it ean be stretched into a strong 


thin film. 

17.209. Another use of radiation- 
induced polymerization which is of 
some interest is in the production of 
irradiated wood-plastic combinations." 
The wood is first impregnated with a 
liquid monomer, e.g., styrene, methyl 
methacrylate, vinyl acetate, etc., un- 
der vacuum; the vacuum sucks the air 
out of the pores of the wood and the 
monomer takes its place. The impreg- 
nated wood is then irradiated either 
with beta and gamma rays from a 
cobalt-60 source or with accelerated 
electrons. The monomer is polymerized 
in the interior of the wood and the 
resulting wood-plastic combination has 
physical and mechanical properties 
that are superior to those of the orig- 
jnal wood. The product is strong, has 
excellent resistance to abrasion and to 
weather, and can be given an attrac- 


*The products have been given such names as Novawood, Noblewood, and Lockwood. 
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tive finish that is essentially perma- 
nent. The wood-plastic combination 
‘js, of course, more expensive than or- 
dinary wood, but possible uses are for 
furniture, especially in schools, floor- 
ing, sporting goods, garden-tool and 
cutlery handlés, and toys. 

17.210. Useful chemical reactions 
can also be brought about by exposure 
of certain substances to fission frag- 
ments in a nuclear reactor. Among the 
chemonuclear processes, as they are 
called, of industrial interest are the 
fixation of nitrogen in the air as nitro- 
gen tetroxide (for ultimate use as à 
fertilizer), the formation of hydrogen 
peroxide from water, of ethylene glycol 
(antifreeze) from methyl alcohol, hy- 
drazine (for rocket fuel) from am- 
monia, and ozone from atmospheric 
oxygen. The foregoing and other proc- 
esses are being studied to determine 
their practical value. 


Foop PRESERVATION BY RADIATION 


17.211. Spoilage of food is caused by 
the action of various microorganisms, 
such as bacteria and molds. In the con- 
ventional methods of food preserva- 
tion, e.g., by pasteurization, canning, 
and refrigeration, the microorganisms 
are either killed (or greatly decreased 
in number) by heat or their activity is 
inhibited by cold. About 1947, the 
U. 8. Atomic Energy Commission first 
became interested in the possibility of 
utilizing nuclear radiations for the 
preservation of food. Much of the re- 
search on this subject has been carried 
out, however, since 1953 by the Quar- 
termaster Corps of the U. S. Army. In 
1960, the effort in the United States 
was divided between the Quartermas- 
ter Corps and the Atomic Energy Com- 
mission; the former is concerned mainly 
with high-dose (sterilization) irradia- 


* The rad is a unit of radiation representi 
considered in A 


of irradiated material; it is 
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tion, particularly of meat and poultry, 
and the latter is sponsoring research 
on low-dosage exposures (pasteuriza- 
tion). The program for the preserva- 
tion of food by radiation reached its 
first milestone in February 1963 when 
the U. S. Food and Drug Administra- 
tion deemed irradiated canned bacon 
to be acceptable for public consump- 
tion. P 

17.212. The amount of radiation re- 
quired to kill bacteria is dependent 
on the nature of the microorganism, 
but, for practical purposes, a dose of 
from 2 to 5 million rads* is sufficient 
to destroy essentially all the bacteria 
in foods. Treatment of this kind is 
described as sterilization. Its aim is to 
make it possible to store food for long 
periods without refrigeration, In order 
to retard spoilage after sterilization, 
the food is irradiated in an airtight 
container, e.g., à can or a plastie wrap- 
ping. An exposure of about one tenth 
of the sterilization dose results in pas- 
teurization. The bacterial population 
is then decreased to a point at which 
the shelf life (or storage time) of the 
food can be markedly increased under 
conditions of moderate refrigeration. 

17.213. The irradiation of foodstuffs, 
mainly meat, poultry, fish, and fruits, 
is achieved by exposure to gamma rays - 
from a cobalt-60 (or possibly cesium- 
137) source, to accelerated electrons, 
or to X-rays produced by high-energy 
electrons impinging on a heavy-ele-. 
ment target. There is no doubt that 
sterilization and pasteurization can be ' 
achieved by exposure to radiation, but 
there may be associated organoleptic 
changes, i.e., changes in taste, odor, 1 
texture, and appearance. The earlier - 
samples of radiation sterilized meat, in 
particular, showed adverse alterations 
in all these respects. It has been found, © 


the absorption of 100 ergs of ene: 
greater detail in § OTS 


18.24. ; 
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however, that if meat or poultry is 
irradiated at low temperatures, from 
—40? to —80°C, the organoleptic ef- 
fects, if any, are hardly detectable. 
Studies are being made to determine 
whether the addition of certain harmless 
chemicals can serve as an alternative 
to low temperature. Foods pasteurized 
by radiation exhibit no changes, in 
any event, because the doses are much 
smaller than for sterilization. 

17.214. The sterilization of meat by 
radiation is of special interest to the 
Army, for the ability to store this 
foodstuff in acceptable form without 
refrigeration would be a great boon. 
As far as the general public is con- 
cerned, however, the preservation of 
fresh fish, including shellfish, may have 
a greater impact than the sterilization 
of meat, Most varieties of fish can be 
kept for a few days only, even on ice, 
before the quality deteriorates. This 
means that fishing vessels must often 
return to port long before their holds 
are full; even then, only part of the 
catch is suitable for sale in the fresh 
form. If the fish could be pasteurized 
by a radiation dose of about 300,000 
rads, within a day of being caught, 
their storage life under normal refrig- 
eration would be greatly increased. An 
irradiator containing cobalt-60 has been 
constructed for use on shipboard to 
determine the practicality and econom- 
ics of preserving fresh fish at sea. 

17.215. Prevention of the spoilage 
of fruit is another direction in which 
the use of radiation presents promise. 
Favorable results have been obtained 
with strawberries and with some vari- 
eties of oranges; pasteurization doses 
of a few hundred thousand rads have 
been sufficient to extend the storage 
life significantly without affecting the 
taste, appearance, or vitamin C con- 
tent. On the other hand, difficulties 
have been experienced in the preserva- 


tion of lemons by radiation; the fruit, 
becomes spongy and, more serious, de- 

struction of the button permits entry 

of microorganisms which cause rotting. 

Among other fruits which may benefit 

from radiation treatment in reducing 

spoilage are sweet cherries, prunes, 

apricots, and nectarines. 

17.216. There are some other im- 
portant aspects of food preservation 
or treatment that do not involve the 
destruction of microorganisms. One is 
the inhibition of the sprouting of po- 
tatoes during storage by radiation 
doses of 5000 to 15,000 rads (Fig. 
17.15); larger doses, however, have 
deleterious consequences. Another ap- 
plication of radiation (20,000 to 50,000 
rads) is for insect deinfestation of 
wheat and flour. Both of these pro- 
cedures have been approved by U. S. 
Government agencies. Finally, expo- 
sure to radiation is being used to soften 
dehydrated vegetables and thus de- 
crease the cooking time. 


STERILIZATION BY RADIATION 


17.217. Conventionally, hospital sup- 
plies have been sterilized by heating, 
but some materials, including dress- 
ings, hypodermie syringes, and surgical 
sutures are now treated by radiation. 
In fact, most of the sutures made in 
the United States are currently steri- 
lized by exposure to gamma rays from 
cobalt-60, In the older process, the 
sutures were heated to about 157°C in 
a hydrocarbon liquid contained in a 
glass tube which was subsequently 
sealed. Not only did the removal of 
the suture from the sealed tube in the 
operating room present à problem, but 
the heat reduced the strength sub- 
stantially and, in some, cases, also the 
pliability of the material. An investi- 
gation of the possibility of using radia- 
tion as a means of sterilizing sutures 
was initiated in 1949 in the United 
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States, and in 1957 the first products 
were placed on the market. High-en- 
ergy electron beams were originally 
used as the source of radiation, but 
subsequently cobalt-60 was found to 
be more-satisfactory. The sutures are 
sealed in a package of aluminum foil 
that is easy to open when required, 
and then irradiated. 
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United States suggested that the pop- 
ulation of a particular insect might be 
controlled by irradiating large num- 
bers of males in the laboratory so that 
they became sterile. These males 
would then be released and would mate 
with normal females, but the eggs pro- 
duced would not be fertile. The num- 
ber of insects of this type would conse- 


10,000 R 20,000 R 


Fic. 17.15. Potatoes stored after exposure to various doses of gamma radiation. (Brook- 
haven National Laboratory) 


17.218. Destruction of bacteria by 
radiation has also been proposed as a 
means for sterilizing wool. Raw wool 
is an important carrier of anthrax ba- 
cilli; in fact, pulmonary anthrax is 
commonly known as woolsorter’s dis- 
ease. Consideration is being given to 
the possibility of irradiating wool in 
order to kill any anthrax (and other) 
bacteria that may be present. 


Controt or Insect Pests 
By RADIATION 


17.219. Insects cause considerable 
damage to both plant crops and live- 
stock. In 1937, E. F. Knipling in the 


quently be decreased. For the concept 
to be successful, certain requirements 
must be met: it must be, possible 
to raise the insects in very large num- 
bers so that the sterile males will com- 
pete effectively with males of the nor- 
mal population; the sterilization must 
have no adverse effects on the mating 
behavior; and the large (although tem- 
porary) increase in the insect popula- 
tion resulting from the release of the 
males must cause no serious harm to 
crops or livestock. ' 

17.220. Experiments started in 1950 
showed that the screw-worm fly, the 
larvae of which cause extensive dam- 
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age to livestock, would be a suitable 
subject for testing the idea outlined 
above. Successful experiments were 
made on a small scale on Sanibel Is- 
land, off the west coast of Florida. 
Subsequently, a test on a larger scale 
was made in 1954 on the island of 
Curacao, and as a result a program 
was started in 1958 to rid the south- 
eastern part of the United States of 
the screw-worm fly. The insects were 
raised in large numbers and the pupae, 
which turn into flies eight days later, 
were exposed to 800 rads of gamma 
rays from a cobalt-60 source. The ster- 
ile insects (both male and female) were 
then dropped in large numbers from 
airplanes; altogether, over a period of 
about 18 months, more than two bil- 
lion flies were spread over Florida and 
parts of Alabama and Georgia. It is 
estimated that the number of sterile 
males exceeded the normal males in a 
proportion of about nine to one; hence, 
the great majority of normal females 
mated with sterile males. 

17.221. Mating generally occurred 
about five days after the pupae turned 
into flies, and four days later the eggs 
were deposited. Since most of the eggs 
were infertile, and did not produce 
larvae, which could turn into pupae 
and flies, the screw-worm population 
suffered a sharp decrease. By Feb- 
ruary 1959, approximately a year af- 
ter the sterile insects were first intro- 
duced and six months after all areas 
had received them, the screw-worm 
fly appeared to have been eradicated 
in the southeastern United States. As 
a factor of safety, releases were con- 
tinued until November 1959 when the 
highly successful project was termi- 
nated. At a cost of about eight million 
dollars, it has been possible to achieve 
an annual saving of some 20 million 
dollars. 

17.222. Since the screw-worm fly is 
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unable to survive the winter in th 
area between northern Florida an 
eastern Texas, the southeastern United 
States is protected from reinfection 
from the west. The Southwest is not 
so fortunate in this respect. Although. 
the number of screw-worm flies in 
southern Texas and parts of New Mex- 


ico has been decreased by the release 


of sterile insects since 1963, there is a 
possibility that they will return from 
northern Mexico where they survive 
the year around. Quarantine measures 
will be partially effective, but it may 
be necessary to release sterile insects 
from time to time to keep the screw- 
worm population under control. 
17.223. The eradication of the screw- 
worm fly in the southeastern United 
States has led to investigations of the 
possibility of controlling, in the same 
manner, other insect pests, such as 
fruit flies, corn borers, gypsy and cod- 
ling moths, the tsetse fly, and the 
anopheles mosquito, Although the 
problems proved to be more complex 
than those encountered with the screw- 
worm fly, some success has been 
achieved in reducing fruit flies in 
Hawaii and the melon fly on the Pacific 
island of Rota in the Marianas group. 
The release of irradiated sterile males 
is not the only solution to the problem 
of eliminating (or reducing) insect 
pests, but it has at least proved prac- 
tical in certain favorable situations. 


RADIATION MUTATIONS, IN PLANTS 


17.224. The genetic (or hereditary) 
effects of radiation will be considered 
more fully in the next chapter (§ 18.84 
et seq.), but it is appropriate to describe 
here some of the results obtained in 
connection with the use of radiation 
to produce new varieties of plants. 
The conventional procedure is to wait 
for a desirable mutation (or inheritable 
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change) to appear spontaneously, as 
they do from time to time, and then 
by cross-breeding and selection to de- 
velop a plant in which the change is 
permanent. Certain chemicals can in- 
duce mutations, but radiation exposure 
offers a convenient alternative tech- 
nique for producing mutant forms (Fig. 
17.16). In some cases, the seeds or 


Fig. 17.16. Bush-type mutant (left), ri 
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types at various intensities, the prob- 
ability of a useful mutation occurring 
is quite significant. The first experi- 
ments on the effect of X-rays on plants 
were made soon after the discovery of 
these radiations (§ 2.86), but system- 
atic work on mutations induced by 
nuclear (and related) radiations did 
not commence until the late 1920s. A 


ning ten days earlier, produced by irradiation 


of seed from vine-type (right) bean. (Michigan State University) 


unfertilized flower buds are irradiated, 
whereas in others whole plants (or 
parts of the plant) are exposed and 
the mutation (if any) is propagated 
from cuttings or scions. 

17.225. Most mutations, no matter 
how they occur, are of no value, but 
in a few cases a desirable change will 
result. Since many seeds or plants can 
be exposed to radiations of different 


number of potentially useful mutants, 
mainly in cereals, were developed in 
Sweden, in particular, and in some 
other European countries. It was not 
until after the end of World War II, 
however, that research on the effects 
of radiations on plant life attracted 
general interest. In 1952; irradiation 
facilities were provided at the Brook- 
haven National Laboratory for the use 
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of botanists all over the world under 
the Cooperative Mutations Program. 
A similar program was established by 
the U. S. Atomic Energy Commission 
for the University of Tennessee in 1957. 
The radiations available include X- 
rays, gamma rays (from cobalt-60), 
and thermal and fast neutrons (from 
reactors). 

17.226. Many species of plants, in 
one form or another, have been ex- 
posed to radiations and a number of 
promising mutations have been ob- 
served. Mention may be made of the 
following: improved disease resistance 
and increased yield in barley, oats, 
and wheat; greater resistance to dis- 
ease and better quality and fruit size 
in black currant; and changesin growth 
habit in barley, flax, jute, beans, and 
other plants. Several plant varieties 
that have been bred from radiation- 
induced mutations are currently in use 
in agriculture and horticulture in the 
United States and elsewhere. These 
include three improved variants of the 
Michelite (or navy) bean, two varieties 
of oats with increased resistance to 
disease, barley with greater winter 
hardiness, peanuts with tougher hulls, 
and a carnation with fewer petals 
which hold longer. 

17.227 It is of interest that in 1950 
and 1960 the ordinary Michelite bean 
crop in Michigan was heavily dam- 
aged by disease but the Samilac vari- 
ety, developed from a radiation (X-ray) 
mutant, escaped. Moreover, thechange 
from a vine-type to an erect growth 
makes it possible to harvest the beans 
by machine rather than by hand. The 
Same good qualities, with increased 
disease resistance, are present in other 
variants of the Michelite bean originat- 
ing from irradiated specimens. 

17.228, Bacteria play a role in sew- 
age treatment by breaking up organic 
Solids. When various soil bacteria are 
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exposed to the radiations from co- 
balt-60 (beta and gamma) or stron- 
tium-90 (beta only) most are killed 
(§ 17.208), but mutations among the 
surviving organisms exhibit greatly in- 
ereased enzyme activity. These bac- 
terial mutants are particularly effective 
in the treatment of sewage and they 
have been introduced into some sew- 
age disposal plants. 


MISCELLANEOUS Uses 
oF RADIATIONS 


17.229. Self-luminous paints, for use 
on instrument and watch dials, have 
long been made by adding a natural 
(alpha-emitting) radioactive substance 
to a phosphor, usually, zinc sulfide with 
a suitable activator. The basic phe- 
nomenon is the same as that which 
led. to the discovery of X-rays and 
which is used in scintillation counters. 
The many scintillations produced by 
the alpha particles combine to form a 
luminescence that is visible in the dark. 
Instead of using natural alpha emitters 
to excite the luminescence, such beta- 
particle sources as tritium, carbon-14, 
strontium-90, or promethium-147 may 
be employed. These alternatives are 
preferable in the respect that the beta 
particles cause less deterioration of the 
phosphor than do alpha particles. One 
interesting development is a railroad 
switch lamp in which krypton-85 ex- 
cites a zinc sulfide phosphor to the — 
desired color and luminescence. Fur- 
thermore, isotope sources are utilized 
on some aircraft in signs which will be 
visible in the dark even if there should 
be a failure of electrical power. 

17.230. The ionization produced by 
beta particles is being used for the 
elimination of static electricity, which 
is a serious fire and explosion hazard 
in the paper, textile, rubber, and plas- 
tie industries. Another use of the ion- 
ization from radioactive sources is to 
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control the firing voltage in certain 
types of voltage-regulator tubes and 
in the spark gaps of ignition systems. 
Similar ionization’ sources have been 
included in a variety of instruments 
where operation depends on the pas- 
sage of an electrical discharge. By 
keeping the residual gas in a vacuum 
tube in a state of partial ionization, 
more dependable operation is possible. 


CONCLUSION 


17.231. In coneluding this chapter, 
it should be re-emphasized that the 


Sourcebook on Atomic Energy 


Chap. 17 


have been described représent only a 
selection among the many that have 
been put into practice. The examples 
given have been chosen partly because 
of their general interest and partly to 
illustrate the broad range of the appli- 
cations in medicine, science, agricul- 
ture, and industry. Many more uses of 
radioisotopes and radiations may be 
expected in the future so that, in the 
words of Enrico Fermi, who contrib- 
uted so much to the development of 
nuclear science, **. . . the conquest of 
atomic energy may be widely used to 
produce not destruction, but an age of 


uses of isotopes and radiations which | plenty for the human race.” 
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Chapter 18 


RADIATION HAZARDS 


Heaut Puysics 


18.1. Within about six months of 
the discovery of X-rays, i.e., toward 
the middle of 1896, experimenters al- 
ready began to notice the harmful 
effects of these rays on the skin. In 
the years that followed, and before 
the dangers were fully realized, cases 
of X-ray "burn" and X-ray dermatitis 
were all too common among physicists 
and radiologists. Similarly, not long 
after the isolation of radium, it was 
realized that exposure of the skin to 
the radiations from this element could 
lead to painful results. Although 
Pierre Curie was not the first to expe- 
rience the unpleasant consequences, 
Madame Curie in her biography of her 
husband describes how he "voluntarily 
exposed his arm to the action of ra- 
dium during several hours. This re- 
sulted in a lesion resembling a burn 
that developed progressively and re- 
quired several months to heal.” 

18.2. The danger of overexposure to 
X-rays or to the radiations from ra- 
dioactive bodies was consequently 
well known during the first two dec- 
ades of the present century. But there 


was little or no organized effort to 
establish suitable procedures to insure 
adequate protection until the early 
1920s, when radiologists in the United 
States and in the United Kingdom 
gave some consideration to the matter, 
and recommended measures for use in 
the manipulation of X-rays and ra- 
diúm. Subsequently, the International 
Commission on Radiologieal Protec- 
tion and various national committees 
were set up to study the control of 
radiation hazards. In the United 
States, recommendations concerning 
permissible levels of exposure to radia- 
tion are made by the National Com- 
mittee on Radiation Protection and by 
the Federal Radiation Council. 

18.3. Prior to 1942, the use of 
X-rays or the handling of radioactive 
material was restricted to trained sci- 
entists, apart from the relatively few 
workers employed in the extraction of 
such material and in industries using 
them. With the development of the 
atomie energy project, not only has 
there been a large increase in the num- 
uber of persons engaged in work in- 
volving radiation hazards, but the 
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intensity of the radiation is far greater 
than anything that had previously 
been experienced. The radioactivity 
due to the fission products in the spent 
fuel elements from a nuclear reactor, 
for example, is many thousand times 
greater than that due to all the radium 
—about three pounds—extracted in 
some 70 years. The problem of radia- 
tion protection has thus become one 
of considerable importance. 2: 

18.4. Actually, all work with radio- 
active substances, from the use of 
isotopes as tracers to the large-scale 
processing of spent reactor fuel, in- 
volves some danger and requires that 
safety precautions be taken. As a re- 
sult there has been developed the new 
field of health physics, the purpose of 
which is to insure the protection of 
personnel who are either ignorant of 
the hazards of radiation or are too pre- 
oceupied with other duties to pay ade- 
quate attention to them. The responsi- 
bilities of the health physicist include, 
among other things, the setting of 
standards for safe levels of exposure 
to radiations of different types, the 
detection of these radiations under a 
wide variety of conditions so as to give 
warning of the possibility of excessive 
exposure, and, finally, the development 
of suitable methods for protection 
against radiation. The great success of 
the efforts of the health physicists has 
been proved by the virtually complete 
absence of radiation accidents. By 
taking suitable precautions, almost any 
intensity of radiation can now be 
handled with safety, so that, as K. Z. 
Morgan, of the Health Physics Divi- 
sion, Oak Ridge National Laboratory, 
has said: “Radiation need not be 
feared, but it must be respected.” In 
the present chapter it is proposed to 
deal, among other subjects, with the 
main aspects of the work of the health 
physicist. 
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BrionoarcanL Errects or RADIATION 


18.5. In the nuclear energy field, the 
chief sources of harmful radiation are 
particle accelerators, nuclear chain re- 
actors, including handling of spent 
fuel elements and fission products, and 
the production of radioisotopes for 
tracer work. All radioactive materials, 
either found in nature or produced in 
accelerators or nuclear reactors, rep- 
resent a possible radiation hazard. The 
alpha and beta particles and gamma 
rays emitted by various radionuclides, 
the high-energy protons and other 
nuclei and electrons produced by ac- 
celerators, and the neutrons from re- 
actors or other sources are all known to 
have deleterious biological effects. 
Alpha particles from radioactive mate- 
rials have relatively low energies and 
travel not more than a few centimeters 
in air; the danger associated with such 
particles is consequently not serious, 
provided the source does not enter the 
body. But if they should be acciden- 
tally ingested, some alpha emitters, 
such as plutonium, tend to accumulate 
in certain parts of the body where their 
continued action can be harmful. 
Gamma (and X-) rays and neutrons, ` 
as well as highly accelerated, energetic 
particles of all kinds, can penetrate 
quite deeply into the body, and special 
precautions must be taken against 
exposure to such radiations. Beta par- 
ticles of radioactive origin occupy an 
intermediate position, for although 
they can travel some distance through 
air, they are able to penetrate only a 
few millimeters of tissue. In contact: 
with the skin, however, beta-particle 
emitters can produce serious burns. 
The entry of any source of radiation 
into the body should, of course, be 
avoided. 

18.6. It is generally believed that 
the harmful consequences of various . 
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radiations* are due ultimately to their 
ability to produce ionization (§ 7.2) or 
electronic excitation (§ 7.44), i.e., ejec- 
tion of an orbital electron from an 
atom or raising the energy level of 
such an electron without removing it. 
Alpha (and other nuclear) and beta 
particles and gamma (and X-) rays 
produce ionization or excitation more 
or less directly, as seen in Chapter 7, 
but with neutrons the effects result 
indirectly from various interactions. 
Thermal (slow) neutrons undergo ra- 
diative capture (n,y) reactions with 
several body elements, particularly 
hydrogen which constitutes such a 
large proportion of the living organism. 
The gamma rays can then cause ion- 
ization or excitation. Another impor- 
tant process involving slow neutrons 
is the '*N(n,p)'*C reaction with nitro- 
gen in the amino acids of the body 
(§ 17.68); the protons emitted have a 
considerable ionizing (or exciting) 
effect. The effect of fast neutrons is 
essentially due to the production of 
recoil protons (§ 11.30) by the impact 
of the neutrons on hydrogen. The high- 
energy protons formed in this manner 
ionize (or excite) atoms in their paths. 

18.7. The current view concerning 
the action of radiation on the living 
organism is that the first effect is to 
generate either atoms or free radicals, 
ie. unstable molecular species, or 
excited molecules by interaction with 
water or other substances, The atoms, 
free radicals, and excited molecules 
are very reactive chemically and they 
soon undergo a number of secondary 
‘processes with various molecules pres- 
ent in the living cell. As a recalt of 
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these processes, essential enzyme re- 
actions may be inhibited and the be- 
havior of the nucleic acids, DNA and 
RNA (§ 17.101), is modified.j There 
are consequently changes in the cells 
which may have significant detectable 
effects on the body as a whole. All 
radiations apparently have the same 
general biological consequences, al- 
though there may be some minor dif- 
ferences in the way they develop. Neu- 
trons are unusual in the respect that 
they can convert a nitrogen-14 atom 
in an amino acid into one of carbon-14, 
by the (n,p) reaction. Such a change 
might inactivate an enzyme or affect 
a nucleic acid, since these substances 
contain specifie combinations of amino 
acids. 

18.8. Apart from the molecular (or 
atomic) mechanism whereby ionizing 
and exciting radiations produce their 
effects, certain macroscopic (or gross) 
phenomena are soon apparent in the 
living cell. Among these are breaking 
of the chromosomes (Fig. 18.1) which 
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Fic. 18.1. Normal plant cell, with two 

groups of chromosomes (left), and changes 

(right) produced by X-rays. (Brookhaven 
National Laboratory) 


carry the body's hereditary factors 
(genes), swelling of the nucleus and of 
the entire cell, increase in viscosity of 


* As used in this chapter, the word “radiation” is intended to refer to alpha and beta par- 


ticles, electrons, protons (and other nuclei), 


neutrons, gamma (and X-) rays, and chai 


muons, pions, etc., but not to visible, infrared, and ultraviolet light and radi which 
are all forms of electromagnetic radiation having wave ot jorge kthah X-rays (5 3.25). 
oxygen generally Won s the 


t Laboratory experiments indicate that the 


damage caused by radiation. There is a 


resence of 


ibility, therefore, that administration, prior to 


exposure to radiation, of a substance capable of removing oxygen might decrease the resulting 


injury to the body. 
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the cell fluid (cytoplasm), increased 
permeability of the cell membrane, 
and in some cases destruction of the 
cell. As a result of cellular damage, 
particularly to the chromosomes, the 
process of mitosis, i.e., cell division, 
may be delayed. Frequently, the cells 
are unable to undergo mitosis, so that 
normal replacement occurring in the 
living organism is inhibited. Inciden- 
tally, the damage to cells and the 
effect on mitosis caused by ionizing ra- 
diations is the basis of their use in a 
carefully controlled manner for the 
treatment of malignancies (§ 17.94 et 
seq.). There is a curious paradox in 
this connection: judicious use of radia- 
tion can often stop a cancerous growth, 
but excessive exposure may result in 
the formation of neoplasms (tumors). 


ErrECTS OF RADIATION 
ON THE Bopy 


18.9. The human body has not 
developed an instinctive reaction to 
ionizing radiations such as it has 
against heat and, to some extent, to 
ultraviolet light.* Consequently, severe 
radiation damage may be suffered 
without any realization at the time on 
the part of the exposed subject. The 
nature and extent of the symptoms 
which develop vary with the individ- 
ual. They depend on the type of radia- 
tion, on the depth to which the 
Tadiation has penetrated, on the ex- 
tent. of the body exposed, on the 
amount of radiation absorbed, and 
also upon whether the exposure was 
chronic, i.e., repeated or prolonged so 
as to lead to a cumulative effect, or 
acute, i.e., received in one large dose. 

18.10. The changes produced by ra- 
diation on the body are of two main 
types, namely, somatic and genetic 
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effects. Somatic effects are those expe- 
rienced directly by the exposed individ- 
ual; on the other hand, the genetic 
effects are not evident in the irradiated 
person but become apparent in subse- 
quent generations. The consequences 
of somatic effects may be further di- 
vided into two categories. There are 
first, the early effects which start to 
be felt within a short time, e.g., from 
a few minutes to several hours (or 
days for small doses) after exposure. 
Then there may be late or delayed 
effects which do not appear until 
months or even years later. The so- 
matic effects of radiation will be de- 
scribed here and the genetic effects 
will be considered at the end of the 
chapter. 

18.11. Much information on the 
early somatic consequences of an acute 
overexposure to radiation, i.e., a dose 
received within about 24 hours, has 
been accumulated from various sources. 
These include a study of Japanese vic- 
tims of the two atomic bomb explo- 
sions in August 1945, and also observa- 
tions made on more than 250 persons 
in the Marshall Islands who were in- 
advertently exposed to the radiations 
from the fission product debris (fall- 
out) following the test explosion of 
March 1, 1954. There have also been 
a few cases of laboratory accidents, 
where workers received known amounts 
of radiation, the results of which have 
been recorded. Data have also been 
obtained from hospital patients re- 
ceiving moderately large doses of radi- 
ation for therapeutic purposes. 

18.12. Although the observed effects 
of radiations vary with the exposed 
individual and the nature of the acute 
exposure, certain broad generalizations 
can be made. There are, as a rule, four 


* Experiments made at Brookhaven National Laboratory with a colony of ants suggests 


that they may be able to sense radiai 


iation; when cesium-137 was placed near a nest, the ants 


built a 40-ft long underground runway to enter and leave. 


From the Greek soma, meaning 


body, and genos, meaning race or offspring. 
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phases in the response of the body to 
overexposure to radiation. In the first 
phase, the early symptoms are nausea 
and vomiting, accompanied by general 
lassitude; they are similar to those long 
known as being associated with “radia- 
tion sickness” suffered by patients 
undergoing intensive treatment with 
radium or X-rays. If the exposure has 
not been excessive, this is usually fol- 
lowed by a second phase of relative 
well-being which may last for a few 
days or for several weeks. The more 
severe the radiation dose, the shorter 
is this apparent latent period. In the 
third phase the reaction of the body 
reaches its height, and the survival of 
the patient depends on the ability of 
his system to withstand the effects. 
Some of the symptoms are prostration, 

. loss of appetite, loss of weight, fever, 
rapid heart action, severe diarrhea, 
bleeding of the gums, and loss of hair.* 
This phase may last days or weeks, 
depending on the extent of the radia- 
tion dose. In severe cases, the patient 
becomes progressively worse and suc- 
cumbs, but where the dose has not 
been so great, a period of prolonged 
convalescence is the fourth phase. 
During this time, which may last up 
to six months, there is a gradual recoy- 
ery. The patient then appears to be 
quite normal, although changes in the 
blood constituents may persist for a 
long time. 

18.13. The phenomena described 
above are the external and visible 
early (and subsequent) symptoms of 
radiation injury. Among those of an 
invisible character are changes in the 
constituents of the blood. There are 
many such constituents and each ap- 
pears to be affected in a somewhat 
different manner, One of the most ob- 
vious effects is a marked decrease, 
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following upon an initial temporary 
increase, in the total number of white 
blood-cells (leukocytes). After a few 
weeks, the number may increase above 
normal and then decrease again. The 
function of some white cells is to de- 
fend the body against infection and 
to remove toxic products. A decrease 
in the number of these cells conse- 
quently accounts, in part at least, for 
the increased susceptibility to infec- 
tion that is characteristic of radiation 
injury. Another significant change in 
the blood is in the platelets, a constit- 
uent which plays an important role in 
connection with blood clotting. The 
number of platelets falls steadily from 
the time of exposure to radiation and 
reaches a minimum at the end of a 
few weeks; then it increases slowly 
over a period of months or even years. 

18.14. The influence of radiation on 


the blood is, to a large extent, a man- 


ifestation of the fact that the lymphoid 
tissue, the bone marrow, and the 
spleen, where various constituents of 
the blood are formed (§ 17.86), are 
regions of the body which react most 
quickly to radiation. For this reason, 
these, together with the gastrointes- 
tinal tract, the lens of the eye, and the 
reproductive organs, are said to be 
radiosensitive tissues. Mature cells of 
muscle, bone, cartilage, and the cen- 
tral nervous system, on the other hand, 
are radioresistive, since relatively large 
doses are apparently required to pro- 
duce significant effects. Of interme- 
diate sensitivity are skin, lungs, and 
liver. 

18.15. There are three important 
late (or delayed) manifestations of 
&cute overexposure to radiation; these 
may appear months or years after 
exposure, or the exposed individual 
may die without necessarily: showing 


. “Because of this effect, X-rays were used at one time fi th al hair 
but in several reported instances the consequences were lisa: pe any of superfluous A 
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any delayed effects. One late manifes- 
tation, which has been observed with 
animals, is life shortening. With man, 
however, it has been difficult to estab- 
lish whether such an effect exists or 
not as the result of a moderate acute 
overexposure, although a large dose of 
radiation undoubtedly does cause a 
decrease in the life span. A second 
effect, which has been found with an- 
imals in the laboratory as well as with 
atomic bomb victims in Japan, is the 
development of leukemia and possibly 
other forms of cancer within a few 
years after exposure to a large dose 
of radiation. It is of interest that, al- 
though one of the early effects of ra- 
diation is a decrease in the leukocyte 
count, there may be an overproduction 
of these blood cells some years later. 
Finally, a third delayed manifestation 
is the development of cataracts of the 
eye lens. A number of such cases have 
occurred as a result of overexposure to 
neutrons in reactor accidents. 

18.16. The foregoing discussion has 
referred in particular to acute doses of 
radiation. The effects of chronic expo- 
sures, ie. spread over a long period, 
are qualitatively similar to those de- 
scribed above, but there may be some 
differences with regard to the appear- 
ance of the various phenomena. As a 
general rule, it requires a larger dose, 
if it is spread over a period of time, to 
produce the same effect as an acute 
exposure. In other words, the conse- 
quences of a given total dose are dimin- 
ished if the rate at which the radiation 
is received, iie., the dose rate, is de- 
creased. Even if there are no obvious 
early symptoms, there will usually be 
changes in the blood constituents, sim- 
ilar to those already described. One of 
the more obvious consequences of 
chronic radiation exposure is often a 
reddening of the skin (erythema) ; this is 
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followed by blistering and formation 
of lesions which are very slow in heal- 
ing. A late effect is called radioder- 
matitis, of which X-ray dermatitis, 
mentioned in § 18.1, is a form. The 
affected skin has poor healing quality 
and is subject to the development of 
both malignant and nonmalignant 
tumors. Other possible late manifesta- 
tions are the same as for acute over- 
exposures to radiation (§ 18.15). 


INTERNAL RADIATION HAZARDS 


18.17. The descriptions of the effects 
of radiation given above have referred, 
in particular, to exposure from an ex- 
ternal source. The general biological 
effects of nuclear radiations from in- 
gested radioactive materials are essen- 
tially the same, but there are certain 
circumstances in which even a very 
small quantity of such sources within 
the body can produce considerable 
injury. Any radioactive nuclide enter- 
ing the body is a potential hazard, but 
the situation can become very serious 
if the element is one which tends to 
concentrate in specific cells or tissues 
that are highly radiosensitive. For 
example, calcium and the chemically 
similar strontium, barium, and radium 
are called bone seekers, since these el- 
ements are largely deposited in the 
skeleton. Plutonium and cerium are 
also bone seekers, although they are 
found in other parts of the bone.* Ra- 
dioisotopes of these elements can thus 
be very hazardous since, if they enter 
the body, they will collect to a consid- 
erable extent in the bone, where the 
radiations, even if of short range, can 
injure the sensitive bone marrow 
where many blood cells are produced. 
Further, the continuous bombardment 
of bone tissue by radiations may even- 
tually lead to necrosis and tumor for- 
mation. 


* Experiments with animals indicate that plutonium may also accumulate in the liver. 
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18.18. In addition to the tendency 
for a particular element to be taken 
up by a radiosensitive organ or tissue, 
the main consideration in determining 
the hazard of a given radioisotope in- 
side the body is the total radiation 
dose delivered while it is in the body 
or in a critical region. The most impor- 
tant factors in determining this dose 
are the mass of radioactive material 
deposited, its half-life, the nature and 
energy of the radiations emitted, and 
the length of time it is effective in the 
body. This time is dependent upon two 
factors: one is the ordinary radioactive 
half-life, and the other is the biological 
half-time. The latter is defined as the 
time taken for the amount of a partic- 
ular element in the body to decrease 
to half its initial value due to elimina- 
tion by natural (biological) processes. 
Combination of the radioactive half- 
life and biological half-time gives rise 
to the effective half-life, which is the 
time required for the amount of a spec- 
ified radioisotope in the body to fall 
to half of its original value as a result 
of both radioactive decay and natural 
elimination. 

18.19. The nuclides representing the 
greatest potential internal hazard are 
those with a relatively short radioac- 
tive half-life and a comparatively long 
biological half-time. A certain mass of 
a radioisotope of short radioactive 
half-life will emit particles at a greater 
rate than the same mass of another 
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isotope, possibly of the same element, 
having a longer half-life (cf. § 17.18). 
Furthermore, the long biological half- 
time means that the active material 
will not be readily eliminated from the 
body by natural processes. As an illus- 
tration, the case of iodine-131 may be 
quoted; this has a radioactive half-life 
of only 8 days, but the biological half- 
time of the element iodine is about 
3 months, because it is rapidly taken 
up by the thyroid gland from which 
it is eliminated slowly (§ 17.91), Conse- 
quently, if sufficient iodine-131 should 
enter the body, it is capable of causing 
damage to the thyroid gland. 

18.20. Both radium-226, the com- 
mon form of this element, and pluto- 
nium-239 are serious internal hazards; 
since they have long radioactive half- 
lives and biological half-times, once 
these nuclides are deposited in the 
skeleton they remain there, essentially 
unchanged in amount, during the life- 
time of the victim. The continued 
action of the emitted alpha particles, 
which deposit their energy in a limited 
region, over a period of years can — 
cause significant injury. A somewhat — 
similar situation arises in connection ` 
with the beta-emitting bone-seeker, 
strontium-90, which is one of the most 
abundant products of the fission of 
uranium-235 and plutonium-239. It 
has a radioactive half-life of 28 years 
and a biological half-time estimated to 
be about 10 years. 


RADIATION UNITS AND DOSES 


Rapration Units 


18.21. In order to express radiation 
exposure in quantitative terms, it is 
necessary to describe certain appro- 
priate units. The first of these, adopted 
in 1928, is the roentgen, named for the 
discoverer of X-rays ($2.80); it is 


dation of the Radiological Congress 
held in Chicago in 1937, as the quan- 
tity of X-rays or gamma rays which 
will produce, as a consequence of ion- 
ization, one electrostatic unit of elec- 
tricity (§ 2.24 footnote), of either sign, 
in 1 ec of dry air, as measured at 0°C 


defined, on the basis of the recommen- | and standard atmospherie pressure. 
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Since a singly charged ion carries 
4.80 X 107? electrostatic units (82.41), 
1 roentgen, abbreviated to 1 R, forms 
in 1 ce of dry air the reciprocal of this 
number, i.e., 2.08 X 10°, of ions of either 
sign, which is the same as the number 
of ion-pairs The mass of 1 ce of dry 
air under the standard conditions spec- 
ified is 0.00129 gram, and consequently 
in 1 gram of air the absorption of 1 R 
would result in the formation of 2.08 X 
10°/0.00129 = 1.61 X 10'? ion-pairs. 
The average amount of energy ex- 
pended in the production of one ion- 
pair in air is known to be about 34 eV 
(8 7.4); hence, the energy for 1.61 X 
10! ion-pairs is 5.48 X 10? eV or 
nearly 88 ergs, since 1 eV is equivalent 
to 1.60 X 10-! erg (§ 3.81). The en- 
ergy gained by the absorption of 1 R 
of X-rays in 1 gram of air is thus about 
88 ergs. 

18.22. As stated above, the roentgen 
unit was intended to refer to photons 
of electromagnetie radiation, namely, 
X-rays and gamma rays, but in view 
of the similar biological effects due to 
ionization caused by particle radia- 
tions, such as alpha and beta parti- 
cles, protons, and neutrons, its use has 
been extended to cover such radia- 
tions. In order to make this extension 
possible, H. M. Parker, of the Hanford 
project (§ 14.76), suggested the adop- 
tion of a new unit, now obsolete, called 
the roentgen equivalent physical, abbre- 
viated to rep. This was originally de- 
fined as the quantity of radiation which 
upon absorption in the body liberates 
the same amount of energy as 1 R of 
X-rays or gamma rays, i.e., 88 ergs per 
gram of tissue. It was found, however, 
that exposure to a dose of 1 R of 
X-rays was accompanied by the ab- 
sorption of something more like 100 
ergs in a gram of soft tissue. The rep 
was, therefore, used to denote a dose 
of about 100 ergs of any nuclear ra- 
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diation absorbed (or liberated) per 
gram of body tissue. 

18.23. The foregoing definition of 
the rep, based on the energy (or phys- 
ical) equivalent of the roentgen, was 
unsatisfactory for several reasons. Per- 
haps the most important is that the 
figure for the number of ergs absorbed 
is based on a calculation involving the 
value of the energy required to produce 
an ion-pair in air. This quantity is not 
known with certainty and, as new 
experimental data become available, 
the number of ergs in the definition of 
the rep was changed. For several years, 
for example, it was accepted that 32.5 
eV were required to produce one ion- 
pair in air; this led to 83 ergs per gram 
of air as the energy absorbed for 1 R 
and 93 ergs per gram of tissue for 1 
rep. The newer value of 34 eV per ion- 
pair would require these numbers to 
be changed to 88 and 100 ergs, respec- 
tively. 

18.24. In order to avoid this diffi- 
eulty, the International Commission 
on Radiological Units adopted in 1953 
a new unit called the rad, an acronym 
for radiation absorbed dose, which does 
not suffer from the drawback of the 
rep. The rad is defined as the dose of 
any ionizing radiation which is accom- 
panied by the liberation of 100 ergs of 
energy per gram of absorbing mate- 
rial. For soft tissue, the difference be- 
tween the rad and the rep is insignif- 
ieant, and numerical values of the 
radiation dose formerly expressed in 
reps are essentially unchanged when 
converted to rads. This is not true, 
however, for bone where the difference 
is quite considerable. 

18.25. Because exposures to differ- 
ent ionizing radiations which lead to 
the absorption of the same amount of 
energy may not have the same biolog- 
ical effect in the human (or animal) 
body, H. M. Parker introduced an- 


742 . ’ 


other unit, the roentgen equivalent man, 
abbreviated to rem. The rad is useful 
as a physical quantity which can be 
measured, but, ultimately, it is the 
biological changes produced by the 
absorbed radiation which are impor- 
tant. Consequently, 1 rem is taken to 
be the quantity of radiation which 
produces the same biological damage 
in man as that resulting from the ab- 
sorption of 1 rad of X-rays or gamma 
rays. 

18.26. Another way of expressing 
the radiation dose in rems is based on 
the relative biological effectiveness (or 
RBE) of a particular radiation. This 
is the ratio of the dose in rads of 
X-rays or gamma rays (of a specified 
energy) to the dose of the given radia- 
tion producing the same biological 
effect, The RBE dose, as it is called, 
expressed in rems, is intended to pro- 
vide a measure of the extent of biolog- 
ical injury, of a given type, that would 
result from the absorption of nuclear 
radiation by the body. The magnitude 
of the RBE dose is then given by 


RBE dose (rems) 
= Dose (rads) X RBE. 


The value of the RBE depends, in the 
first place, on the nature of the radia- 
tion being considered, e.g., alpha or 
beta particles, neutrons, protons, etc. 
It is modified, however, by a number 
of factors, such as the energy of the 
radiation, the kind and degree of bi- 
ological damage, and the nature of the 
organ or tissue that is affected. For 
example, the RBE of fast (high-energy) 
neutrons is usually larger than for 
thermal (slow) neutrons in producing 
a given effect. Furthermore, experi- 
ments with animals indicate that the 
RBE of thermal neutrons for life 
shortening and for the formation of 
intestinal tumors is about 2 to 3, but 
for kidney degeneration it is approx- 
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imately unity. The RBE for the devel- 
opment of eye cataracts is roughly 5 
for thermal neutrons and may be much 
larger for fast neutrons. 

18.27. The RBE values found in the 
literature are usually based on lab- 
oratory experiments in radiation biol- 
ogy in which specific effects are ob- 
served. Such experiments generally in- 
volve fairly large doses of radiation. 
In connection with the problem of 
protecting persons from the harmful 
effects of radiation, the situation is 
somewhat different. It is the purpose 
of the protective measures to keep the 
doses well below those at which any 
effect, either early or late, would be 
apparent. With this in mind, the 
International Commission on Radio- 
logical Units and Measurements, in 
conjunction with the International 
Commission on Radiological Protec- 
tion (§ 18.2), made a number of rec- 
ommendations which were issued in 
1963. It is suggested that the term 
RBE dose used in radiobiological ex- 
periments be replaced by a quantity 
called the dose equivalent (or DE) in 
radiation protection work. At the same 
time, the quality factor (or QF) should 
be used instead of the RBE. The dose 
equivalent in rems is then given by 


DE (rems) = Dose (rads) X QF. 


It is recommended that the rem be 
used in this sense only, and not for 
the RBE dose in radiobiology; presum- 
ably, in the latter case, the situation 
would be defined by the RBE and the 
dose in rads. 

18.28. The QF is strictly a property 
of the nature and energy of the ab- 
sorbed radiations, based on the follow- 
ing considerations. In studies of the 
RBE values of various radiations, 
there appeared to be a connection be- 
tween the RBE and the specific ioniza- 
tion of the radiation (§ 7.3). In this 
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respect, however, it has been found 
preferable to use a related quantity 
known as the linear energy transfer (or 
LET); it is defined as the energy 
released (or deposited) by the radia- 
tion per unit distance in absorbing 
tissue.* The LET is commonly ex- 
pressed in terms of thousand (kilo-) 
electron volts, i.e., keV, of energy per 
micron, where 1 micron is a one mil- 
lionth part (10-5) of a meter. It is thus 
equivalent to the stopping power as 
defined in § 8.9. The LET is inversely 
related to the range of the given radia- 
tion in the absorbing material; thus, 
a large LET means a small range and 
vice versa. 

18.29. Many experiments have been 
made in radiobiology to relate the LET 
of radiations to the RBE. For a given 
biological material and effect, the RBE 
increases regularly with increase in 
the LET up to at least 100 keV per 
micron. The relationship between RBE 
and LET varies, however, with the 
material and effect studied. It is pos- 
tulated that there is a similar connec- 
tion between the QF and the LET in 
tissue, and from the standpoint of 
radiological protection, a rough ap- 
proximation is 


QF + 0.8 + 0.16 LET, 


where LET is in keV per micron. For 
example, alpha particles from radio- 
active sources have LET values of 
about 60 to 120 keV per micron in 
tissue; the corresponding QFs are, 
therefore, roughly 10 to 20. It will be 
noted that the larger the LET, i.e., 
the shorter the range of the radiation 
in tissue, the larger is the QF; this is 


not surprising, for the deposition of a |, 


given amount of energy in a small 
region of tissue is likely to do more 


* For practical purposes, 
same as i body tissue. : 
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damage than if it were released in a 
larger volume. 

18.30. The relationship between QF 
and LET given above is based on the 
supposition that the radiation is being 
received in very small (chronic) doses 
over a long period of time, such as 
would be the case for persons who may 
be exposed in the course of their reg- 
ular work. Furthermore, the significant 
biological effects are the delayed man- 
ifestations, especially shortening of the 
life span and the development of leuke- 
mia. Where fairly large acute doses of 
radiation or the early effects are under 
consideration, the QFs are probably 
different, but the values are not known. 
From the standpoint of personal pro- 
tection, the accompanying table gives 
the relationships among the exposure 
in roentgens for X-rays and gamma 
rays, the dose in rads, and the dose 
equivalent in rems for the various ra- 
diations. The values are based on the 


RELATIONSHIPS AMONG RADIATION UNITS 


rema 
Type of Radiation R  rads (orQF) 
X-rays and Gamma rays 1 1 1 
Beta particles =< 1 1 
Thermal neutrons = 1 5 
Fast neutrons = 1 10 
- 1 10-20 


Alpha particles 


most serious biological consequences, 
e.g., on the blood-forming system for 
gamma and X-rays and beta particles, 
formation of cataracts for neutrons, 
and of malignancies for (internal) alpha 
particles. The manner in which the 
data in the table are utilized will be 


illustrated in $ 18.39. 


MAXIMUM PERMISSIBLE Doses 
or RADIATION GUIDES 


18.31. In view of the possible harm- 
ful effects of radiations from radioac- 


LET values in water are used, since they are approximately the 
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tive substances, from nuclear reactors, 
and from particle accelerators, the ob- 
vious procedure is to take adequate 
precautions against overexposure. The 
term “overexposure,” rather than 
"exposure" is used deliberately. There 
are reasons for believing that, provided 
the radiation dose is small, the body 
is able to recover from the effects. An 
exception arises in connection with the 
action of radiation on the reproductive 
organs, where the injury to the germ 
cells is permanent and cumulative, as 
will be seen later. The reason for the 
recovery from small doses, in many 
cases, is that the majority of cells 
damaged or destroyed by radiation are 
replaced in the course of time by new 
cells. The rate of cell replacement 
varies from one part of the body to 
another, but the property is possessed 
by many living tissues. It is this abil- 
ity for cells affected by radiation to be 
replaced that explains why a given 
total dose received oyer a long period 
of time causes much less harm than 
the same dose absorbed in a short 
interval (cf. § 18.16). 

18.32. All human beings are sub- 
jected continuously to the action of 
radiations from cosmic rays, the extent 
increasing with the magnetic latitude 
and, especially, with altitude (see 
Chapter 19). In addition, there are 
sufficient radium and other radionu- 
clides, e.g., potassium-40, in the earth, 
and radium and thorium emanations 
in the atmosphere to produce appre- 
ciable amounts of ionizing radiations. 
Two other sources of radiation are the 
carbon-14 and potassium-40 in the 
body itself; the disintegration of the 
former causes the liberation of almost 
200,000 and the latter expels over a 
million beta particles per minute in the 
average adult. It is true that the max- 
imum energy of the particles from 
carbon-14 is small (0.156 MeV), but 
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in 89 percent of decays potassium-40 
emits beta particles with a maximum 
energy of 1.35 MeV as well as 1.46- 
MeV gamma rays. It has been es- 
timated that, in most parts of the 
United States, every individual re- 
ceives about 0.14 to 0.16 rem of radia- 
tion per year from natural sources, i.e., 
from body constituents and the sur- 
roundings. 

18.33. It is evident that the human 
body has become adjusted to the ab- 
sorption of restricted doses of radia- 
tion. What needs to be known, how- 
ever, is the limit below which there 
will be no significant consequences. Un- 
fortunately, it is a matter of great dif- 
fieulty to obtain reliable information 


_on this vital matter. Long-range exper- 


iments with a large number of human 
beings subjected to various radiation 
dosages might supply the necessary 
data, but this is hardly a practical 
approach to the problem. Observations 
on animals would appear to provide a 
partial solution, but the differences be- 
tween animals of different species, and 
even among those of the same species, 
are quite considerable. In any event, 
the extrapolation from a small animal 
io man is fraught with uncertainty. 

18.34. In spite of these difficulties, 
there is a general agreement among 
radiologists and health physicists upon 
the limit of permissible exposure. From 
the extensive experience of radiologists, 
in connection with X-rays and in the 
use of radium in cancer therapy, and 
from the more limited information 
gathered by health physicists asso- 
ciated with the atomic energy program, 
there seems every reason to believe 
that the presently accepted limit is 
indeed a safe limit. 

18.35. After considering the avail- 
able information, the International 
Commission on Radiological Protec- 
tion concluded in 1934 that an expo- 
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sure of 0.2 R per day over the whole 
body could be tolerated by individuals 
who worked with (or in proximity to) 
sources of X-rays or gamma rays. This 
became the basis of the maximum per- 
missible dose, as the amount of radia- 
tion which could be received per work- 
ing day for long periods of time without 
causing any significant harm. In 1936, 
the maximum permissible dose was 
reduced to 0.1 R per day and it re- 
mained at this value until the latter 
part of 1949. By this time, the atomic 
energy program had made it necessary 
to take into account the effects of 
other radiations, especially neutrons, 
and also that many more people were 
being exposed to radiation than had 
been the case prior to World War II. 
The maximum permissible dose was 
then set at 0.3 rem per week over the 
whole body. This recommendation was 
modified in 1956 ‘to require that the 
total dose equivalent per year should 
not exceed 5 rems. 

18.36. In 1960, a complete review of 
radiation protection was reported by 
the U. S. Federal Radiation Council. 
It was considered that the expression 
"maximum permissible dose" might 
be misinterpreted by some people, and 
80 it was proposed that the term radia- 
tion protection guide be used instead. 
Regardless of the merits of this sug- 
gestion, most health physicists still 
continue to use the older terminology, 
with the possible addition of the word 
“equivalent” in accordance with the 
remarks in § 18.27. The recommenda- 
tions of the Federal Radiation Coun- 
cil concerning the magnitude of the 
protection guides have, however, been 
accepted completely; the important 
items are as follows. For radiation 
workers, the accumulated dose equiv- 
alent should not exceed 5 X (age — 18) 
rems, with the age in years, for expo- 
sure of the whole body, the head and 
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trunk, the blood-forming organs, or 
the reproductive organs. In other 
words, the average dose per year be- 
yond the age of 18 years must not 
exceed 5 rems. A further provision is 
that a total of not more than 3 rems 
be received in any consecutive 13 
weeks. For organs other than those 
mentioned above and for the arms and 
legs, if these only are exposed, the 
permissible total is somewhat larger. 

18.37. The recommendation in the 
form of total accumulated dose, rather 
than as a maximum for any one year, 
is based on the consideration of pos- 
sible genetic effects. These effects are 
cumulative, as stated-in § 18.31. Con- 
sequently, the total dose received by 
an individual over the years is impor- 
tant. It is true that the accumulated 
dose increases with increasing age, but 
this is compensated by a decrease in 
the probability of reproduction. In 
principle, it would be possible for an 
individual to receive very small doses 
of radiation over a period of several 
years and then to accept a large dose 
without exceeding the maximum per- 
missible accumulated dose. The lim- 
itation of 3 rems in 13 consecutive 
weeks is introduced to avoid this poten- 
tially hazardous situation. Inciden- 
tally, the formula for the total dose 
given in § 18.36 implies that young 
persons below the age of 18 years 
should not be permitted to work in 
locations where they may be exposed 
to radiation. 

18.38. The Federal Radiation Coun- 
cil's recommendations also include pro- 
tection guides for the general popula- 
tion. Although the dose equivalent 
from natural radiation sources is 
usually not more than about 0.15 rem 
per year, some radiation is received 
by many persons from medical diag- 
nostic and therapeutic procedures, e.g., 
dental and chest X-rays, removal of 
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abnormal growths, etc. Consequently, 
the maximum permissible dose equiv- 
alent (or radiation protection guide) 
for whole-body exposure has been set 
at 0.5 rem per year for people not 
working with radiation. The average 
accumulated dose to the reproductive 
organs, over the whole population, 
should not exceed 5 rems per person 
in 30 years. 

18.39. Radiation workers may be 
exposed to two or more different kinds 
of radiation. The actual doses received 
are generally measured in rads and 
these are converted into rems by using 
the data in the table in § 18.30. For 
example, 1 rad (or 1 R) of gamma rays, 
0.5 rad of beta particles, and 0.5 rad 
of thermal neutrons, received during 
a year, would represent a dose equiv- 
alent of 1(1) + 0.5(1) + 0.5(5) = 4 
rems; the numbers in the parentheses 
are the respective quality factors. 


Maximum INTERNAL RADIATION 
Sources 


18.40. As far as internal sources are 
concerned, an effort to avoid excessive 
doses of radiation is made by placing 
a limit upon the rate of entry of radio- 
active materials into the body. Since, 
in most cases, the intake takes place 
through the medium of air and water, 
maximum permissible concentrations or 
radioactivity concentration guides have 
been recommended for a number of 
radionuclides. These maximum con- 
centrations are determined by the 
radioactive half-lives and the biolog- 
ical half-times of the material, the 
radiosensitivity of the organ or part of 
the body (if any) in which it may ac- 
cumulate, and the energy and nature 
of the radiations. Two examples may 
be given. For plutonium-239, the max- 
imum permissible concentration, ex- 
pressed in terms of microcuries of 
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radioactivity (8 17.21) per unit vol- 
ume, is 1.5 X 10-* microcurie per cc 
in water and 2 X 10^? microcurie per 
ec in air; for strontium-90, an impor- 
tant constituent of the fallout from 
nuclear weapons (cf. & 18.20), the cor- 
responding numbers are 4 X 10-* and 
4 X 10-!5, respectively. These values 
are based on the assumption that the 
particular water and air are used at 
all times, i.e., 168 hours per week. If 
the consumption is only during a 40- 
hour working week, the permissible 
concentrations may be increased by a 
factor of three or four. 

18.41. Maximum average body con- 
tents of most radionuclides are not 
known, since there is insufficient direct 
experience for establishing levels at 
which individual isotopes, except pos- 
sibly radium-226 (0.1 mierocurie) and 
iodine-131 (0.3 microcurie), may be 
regarded as causing no detectable in- 
jury. For most radioelements which, 
like radium, accumulate in the skel- 
eton, maximum permissible amounts 
in the body have been estimated, 
directly or indirectly, from compar- 
ative experimental studies with an- 
imals. Thus, for plutonium-239, the 
limit has been set at 0.04 microcurie 
for soluble compounds and 0.008 for 
insoluble sources, the former having a 
greater tendency to be eliminated. 
The maximum permissible body con- 
tent of strontium-90 is 3 microcuries 
for those who are occupationally ex- 
posed to this nuclide. For radioisotopes 
which do not concentrate in bone, it is 
assumed that the body content should 
not exceed the lowest levels which will 
result in an average dose equivalent 
at most parts of the body, other than 
the reproductive organs, of 0.3 rem per 
week. For these particular organs, the 
dose should not exceed 9.1 rem per 
week. 
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EFFECTS or ÁCUTE 
RADIATION Doses 


18.42. This section will be concluded 
with a tabulated summary of the early 
clinical effects of acute radiation doses, 
i.e., received within a period of about 
one day, over the whole body. The 
situations are such as might arise as 
the result of an accident or of the 
explosion of a nuclear weapon. Because 
the effects of a given dose of radiation 
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vary with the individual and the cir- 
cumstances (§ 18.9), the information 
in the table is in a somewhat general 
form. The doses are given in five more- 
or-less arbitrary ranges, where the 
manifestations are somewhat similar. 
For doses up to about 1000 rads, the 
blood-forming system is most affected 
by radiation; for larger doses, the 
gastrointestinal tract and then the cen- 
tral nervous system suffer major-dam- 


age. 


Earty Errects or Acure WnaoLE-Bony Rapration Doses 


Probable Clinical Effect 


Vomiting in 5 to 50 percent within 3 hours, with fatigue and loss of ap- 


petite. Moderate blood changes. Except for the blood-forming system, 
recovery will occur in essentially all cases within a few weeks. 


Vomiting, etc., in 50 to 100 percent within 3 hours. For doses over 300 


rads, these effects will appear in all cases within 2 hours. Loss of hair 
after 2 weeks. Severe blood changes, accompanied by hemorrhage and 
infection. Death in 0 to 80 percent within 2 months; for survivors, re- 


Acute Dose (rads) 
Oto 25 No observable effects. 
25 to 100 Slight blood changes but no other observable effects. 
100 to 200 
200 to 600 
covery period of 1 month to a year, 
600 to 1000 


Vomiting within 1 hour. Severe blood changes, hemorrhage, infection, 


and loss of hair. Death of 80 to 100 percent within 2 months; survivors 


convalescent over a long period. 
HERR es Lorem trt emen rec SE t E DLE 


RADIATION MONITORING , 


MONITORING or PERSONNEL 


18.43. A very important part of the 
work of health physicists is to keep a 
check on the radiation doses received 
by individual persons, and to measure 
the intensity of radiation in various 
localities to which people have access. 
The procedures, generally known as 
radiation monitoring or, in brief, mon- 
itoring, is divided into two categories, 
namely, personnel monitoring and area 
monitoring. In the latter may be in- 
cluded the checking of radiation inten- 
sities during the course of a process or 
Operation. 

18.44. The monitoring of personnel 


is both physical and biological. For the 
former, use is made of ionization cham- 
bers and of photographic film which 
measure essentially the ionizing power 
of radiation. By suitable calibration 
they can be made to give an indication 
of the number of rads that have been 
absorbed. From this, the correspond- 
ing dose received by an individual can 
be determined. The photographic film 
meter (or dosimeter) is usually in the 
form of a badge, about 114 by 2 inches 
in size; it can also be worn on the wrist 
or in a finger ring. For the monitoring 
of beta and gamma radiations, the 
badge dosimeter (Fig. 18.2, A) usually 
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contains two pieces of film with dif- 
ferent sensitivities; they measure dif- 
ferent ranges of radiation from about 
0.05 to 20 rads. The more sensitive 
(lower range) film serves to check the 
weekly dose, whereas the other (higher 
range) gives the dose over a longer 
period, generally 13 weeks (cf. § 18.36). 
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extent of exposure to the separate ra- 
diations can be estimated. The films 
are calibrated by means of a cobalt-60 
or radium standard. In addition to 
providing a means for removing the 
beta particles, the cadmium shield 
serves another purpose; by attenuating 
the gamma rays of low energy, to 


Fig. 18.2. Film badge ie Me ionization chambers (B) used in monitoring of persons. 
ak Ridge National Laboratory) 


18.45. The films are wrapped in 
opaque paper to keep out light, and 
. are placed in a frame so that a portion 
of the film is covered by a thin cad- 
mium shield. The beta partieles are 
absorbed by the shield, but the gamma 
rays can penetrate it and affect the 
shielded part of the photographie film. 
The unshielded part of the film, how- 

' ever, is accessible to both beta par- 
ticles and gamma rays. From the 
blackening observed in the two areas 
of the film after development, the 


which the photographic film is partic- 
ularly sensitive, it makes the response 
more uniform over a range of energies. 

18.46. When there is a possibility of 
exposure to neutrons, an additional 
photographic film of the nuclear track 
type (§ 7.141) is placed behind the 
beta-gamma film in the badge dosim- — 
eter. Since cadmium has a large cross 
section for the capture of slow neutrons ~ 
(§ 11.101), only fast neutrons can pen- 
etrate the shield; these produce recoil 
protons which leave their tracks in the 
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film. Both fast and slow neutrons pass 
through the unshielded area and in 
this region of the film the slow neu- 
trons give additional proton tracks as 
a result of the !*N(»,p)'C reaction 
with nitrogen nuclei in the photo- 
graphic emulsion. The tracks are 
counted under a microscope after the 
film has been developed. 

18.47, Film badges are replaced at 
the end of a convenient period, e.g., 
a week or several weeks as required, 
and the exposed films are developed. 
The darkening (or track count) then 
gives the total dose received over the 
whole exposure period. Sometimes, 
however, it is required to know the 
daily exposure; use is then made of a 
simple (electrostatic) ionization cham- 
ber (§ 7.17) carried, like a fountain 
pen which it resembles, in a coat pocket 
(Fig. 18.2, B). The common form of 
pocket chamber is merely an air capac- 
itor (or condenser) charged up to a 
known potential, usually 150 volts, 
before being issued. The entry of ion- 
izing radiation, mainly gamma rays, 
causes the capacitor to discharge, and 
the residual potential, observed on an 
electrometer at the end of the day, 
gives an approximate measure of the 
dose received by the wearer of the 
pocket chamber. Air capacitors lined 
with a boron compound are used in the 
same manner to estimate slow neu- 
trons. Because of the penetrating 
power of gamma rays and neutrons, 
these radiations usually represent the 
main hazard. 

18.48. When performing àn opera- 
tion that may result in exposure to 
radiation, a pocket gamma-dosimeter 
is worn. This is also like a fountain 
pen in shape, but it is actually a com- 
bined (electrostatic) ionization cham- 
ber and a fiber electroscope, similar 
in principle to the Lauritsen electro- 
Scope (§ 7.18) but more compact. The 
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fiber is charged with a battery, so that, 
it indicates zero on a scale; the ioniza- 
tion produced by gamma radiation 
results in a partial discharge, and the 
fiber moves accordingly. By holding 
the dosimeter up to the light and look- 
ing through the eyepiece lens at one 
end, the image of the fiber can be seen 
against the built-in scale. For the de- 
tection of slow neutrons the dosimeter 
is lined internally with a boron com- 
pound. By means of these simple de- 
tectors the dose of gamma rays or 
neutrons received can be determined 
immediately. 

18.49. The devices described above 
are all integrating instruments, since 
they measure the total quantity (or 
dose) of the particular radiation ab- 
sorbed in the course of a week, day, 
or shorter time. For instantaneous 
measurements of radiation intensity 
(or dose rate), other detectors are used. 
For example, in handling radioactive 
materials, the body or clothing of the 
worker may become contaminated. To 
check this possibility without delay, 
various types of Geiger-Müller counters 
are used. One such instrument counts 
and automatically records the beta and 
gamma emission from the two hands 
and the two feet separately during a 
period of 24 sec. Doorways are sur- 
rounded by a set of G-M tubes, con- 
nected with an alarm circuit, so that 
there is an immediate indication of the 
passage of a person contaminated with 
a radioactive substance. A G-M tube, 
attached to a long handle, can then be 
used as a probe to find the location of 
the contaminant. 

18.50. The uptake of active mate- 
rial, particularly the alpha-emitting 
plutonium and uranium and various 
beta and gamma emitters among the 
fission products, where this is likely to 
occur, is checked by the analysis of 
urine samples from the workers con- 
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cerned. The radionuclides present are 
separated chemically and the amounts, 
which may be less than a billionth of 
a gram, are determined by counting 
alpha, beta, or gamma activity, ac- 
cording to the circumstances. In some 
cases, the feces, sputum, and perspira- 
tion are also examined for the presence 
of dangerous material. 

18.51. Semiconductor detectors 
(8 7.58) offer certain advantages for 
use in health physies work, especially 
for the monitoring of internal radia- 
tion. Counters of this type have been 
made of such small dimensions, e.g., 
1 mm in diameter, that they can be 
inserted in various parts of the body. 
A great advantage of the semiconduc- 
tor counter is that, because of its 
excellent resolving power, it can dis- 
tinguish between a radionuclide that 
is taken into the body accidentally 
from one that is present in the normal 
background. Another area of applica- 
tion of semiconductor detector probes 
within the body is in observing the 
movement of radioisotopes in various 
medical applications of tracers, as 
described in Chapter 17. 

18.52. If there is any reason to 
suspect a serious overexposure to Ta- 
diation, then biological tests are nec- 
essary. Of these, the white cell and 
platelet counts in the blood provide 
perhaps the best indication of possible 
radiation damage (§ 18.13). Excessive 
exposure to neutrons is sometimes 
apparent through the presence of ra- 
dioactivity in the blood resulting from 
radionuclides formed by (n,y) and 
(n,p) reactions with elements in the 
body. A simpler alternative is to test 
for radioactive phosphorus-32 in the 
hair; it is formed by the (n,y) reaction 
on ordinary phosphorus-31. 

18.53. Although they are not in 
general use for personnel monitoring, 
reference may be made here to two 
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unusual types of instrument that have 
been designed to measure total radia- 
tion exposure doses under special con- 
ditions. One of these is the phosphate 
glass dosimeter for recording doses of 
from 10 to 600 rads (or more). It is a 
simple, inexpensive, and rugged device 
consisting of a special phosphate glass 
containing traces of a silver activator. 
After exposure to radiation, this glass 
emits a visible fluorescence when il- 
luminated with ultraviolet light; the 
intensity of the fluorescence is a meas- 
ure of the total radiation dose. Since 
the change produced by ionizing radia- 
tion is fairly permanent, the instru- 
ment can be used to record the accu- 
mulated dose over a long period of 
time. A possible application is its 
issuance to the civilian and military 
population in an emergency. The phos- 
phate glass dosimeter can also be used 
to measure doses, in the range from 
3000 to 2,000,000 rads, in connection 
with the sterilization and preservation 
of foods and medical supplies by radia- 
tion (8 17.217 et seq.). 

18.54. The second type of dosimeter 
can be employed for most of the same 
purposes as the one just described. Its 
action is based on chemical reactions 
brought about by ionizing radiation 
and so it is called a chemical dosim- 
eter. There are several forms of this 
device, but many have the same es- 
sential constituents, namely, a chlo- 
rinated hydrocarbon, e.g., chloroform, 
some water, and an indicator dye, 
sealed into a glass tube. As a result of 
the action of the radiation, hydro- 
chloric acid is liberated from the chlo- 
rinated compound. This dissolves in 
the water and changes the color of the 
indicator. From the extent of the:color 
change, the radiation dose can be es- 
timated. Other chemical reactions 
which have been used in radiation 
dosimeters are the oxidation of ferrous 
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to ferric ions and the reduction of ceric 
to cerous ions in solution. 


AREA AND OPERATION MONITORING 


18.55. The monitoring or surveying 
of working areas and of actual opera- 
tions with radiation sources is carried 
out with both fixed and portable in- 
struments; these are of various types, 
such as electroscopes, ionization cham- 
bers, G-M tubes, or scintillation 
counters, each being designed for a 
special purpose. Some are mainly de- 
tecting instruments which show that 
a source of radiation is present but 
give only a rough idea of its mag- 
nitude. A device of this type is the 
G-M survey meter in Fig. 18.3, used 


Fig. 18.3. Geiger-Müller survey meter. 
(Beckman Instruments, Inc.) 


for fairly low levels (less than 0.005 rad 
per hour) of beta and gamma radia- 
tions. The G-M tube is contained in 
the probe, seen at the side of the in- 
Strument, attached to a cable for free- 
dom of movement. When the tube is 
Covered by a thin metal shield, the 
instrument detects only gamma rays 
with energy in excess of 0.1 MeV, but 
no beta particles; with the shield re- 


moved, all gamma rays of interest and 
beta particles with energies above 0.2 
MeV are detected. Another beta- 
gamma survey meter, which is used 
for higher radiation levels, is the port- 
able Cutie Pie (or C.P.) meter (Fig. 
18.4). It is an ionization-chamber in- 


Fig. 184. “Cutie Pie" (or CP) survey 
meter. (Tracerlab, Ino.) 


strument that is employed both for 
detecting and measuring the radiation. 
With the aid of a movable end-cap, 
which acts as a shield, it can be used 
to indicate combined beta and gamma 
radiations or the latter alone. 

18.56. When an operation is being 
carried out in which radiation sources 
are involved, the process is contin- 
uously monitored with survey instru- 
ments in order to avoid overexposure 
of the operator. The health physics 
monitor is also called upon to make 
regular routine checks. of all areas 
where radioactive material is likely to 
collect. The survey may also detect 
faults in radiation shielding. In the lab- 
oratory, where conditions are changing 
from day to day, and where spills or 
minor accidents are likely to occur, the 
monitoring of table tops, hoods, floors, 
walls, and equipment is of the utmost 
importance. Definite tolerance limits, 
based on experience, have been set for 
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the number of counts per minute per 
square foot; any activity in excess of 
these limits is regarded as potentially 
dangerous, and appropriate steps must 
be taken to remove its source. 

18.57. One way in which radioac- 
tivity may be carried from place to 
place is by dust particles, transmitted 
through the air. Furthermore, inhala- 
tion of such air will lead to the presence 
of active material in the body. An im- 
portant aspect of the work of the 
health physics surveyor is conse- 
quently the monitoring of the air in- 
side buildings. For this purpose the air 
is drawn continuously through either 
an electrostatic precipitator or a filter 
to remove dust particles; the deposits 
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are then examined for their radioac- 
tivity. The procedure is intended to 
simulate the separation of dust parti- 
cles in the lungs as a result of inhaling 
the air. 

18.58. In its widest aspects, ares. 
monitoring includes a check on the 
activity of the air, water, and soil in 
the vicinity of establishments where 
work is being performed with radio- 
active materials. In virtually all cases 
the problem of the disposal of waste 
materials for which there is no further 
use must be considered, and in this 
connection it is necessary to make sure 
there is no contamination of surround- 
ing areas. This aspect of radiation 
protection will be examined below. 


RADIATION PROTECTION 


RADIATION SHIELDING 


18.59. In order to continue opera- 
tions with radiation sources, such as 
nuclear reactors, accelerators, and 
radioactive materials, day after day, 
precautions are taken to reduce expo- 
sure of personnel. The scientist and 
engineer cooperate with the health 
physicist in devising methods whereby 
particular processes can be carried out 
with a minimum of hazard. 

18.60. The obvious way of avoiding 
radiation is to increase the distance 
between the operator and the source of 
the radiation.* An alternative is the 
employment of suitable absorbers, or 
shields, which either attenuate or ab- 
sorb the radiations. In general, a 
combination of both is desired. Pro- 


tective shielding should be used as far 
as possible for both the source of the 
radiation and the operating personnel. 
The nature of the protection depends 
largely on the material being handled. 
Rubber gloves, for example, are suffi- 
cient to absorb alpha ‘particles, and 
most alpha emitters can be manipu- 
lated without difficulty, provided rigid 
precautions are taken to avoid inhala- 
tion. The work with such substances 
can be carried out in a well-ventilated 
space, f or a respirator should be worn. 
Gloves should be used, in any case, to 
prevent radioactive material of any 
kind from contact with the skin, and 
special protective clothing, which is 
shed when leaving the radioactive 
area, is advisable. 


* The intensity of the radiation received from a point source is inversely proportional to 


the square of the distance between the source and the receiver. Thus 


increasing the distance 


by a factor of two decreases the radiation received to one fourth; a th: 3 in the 
distance decreases the radiation intensity to one ninth, and op on. SHE MS IER 


1 It has been stated that the reason wl yy Marie and Pierre Curie suffered no obvious injury 


as a result of their extraction of radium from pitchblende on a large scale, 


x ge 
ing in which they wever, Marie Curi 
(cf. § 18.15); Pierre Curie was killed in a street 


although Ad 


Len tne cs because of the natural ventilation in the dilapidated bi 
worked. ie died, A age 67 years, reportedly of leukemia 
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18.61. Among general precautions 
which must be taken are the follow- 
ing. Food should not be stored, pre- 
pared, or eaten in places where radio- 
active substances are present, and 
there should be no smoking because of 
the danger of ingestion of active mate- 
rial from contaminated hands. The 
hands should be well washed, and both 
hands and shoes should be monitored 
for activity before leaving the work 
area. The fingernails should always 
be kept short, and special attention 
should be given to skin abrasions to 
prevent entry of radioactive material 
into the body. 

18.62. The problem of shielding 
sources of radiation has been studied 
extensively, from both experimental 
and theoretical points of view (see 
Chapter 8); it is, of course, a matter 
of the utmost importance in connec- 
tion with the construction of nuclear 
reactors and accelerators, as well as 
for work with radioisotopes. The meth- 
ods used for shielding in the laboratory 
will be described later, whereas the 
procedures suitable for large-scale 
work will be considered here. As al- 
ready indicated, protection from alpha 
particles is a relatively simple matter, 
and the same is largely true for beta 
radiation. The thickness of shielding 
for beta particles of a given energy 
decreases with increasing density of 
the material, The use of a heavy 
metal, which implies an element of 
high atomic number, is, however, not 
advisable, because the production of 
penetrating bremsstrahlung (§ 4.75) 
accompanying the deceleration of the 
beta particles in the absorber tends to 
increase with atomic number (§ 8.83). 
Actually, it is not necessary to use 
materials of high atomic weight for 
shielding from beta particles. Alumi- 
num is satisfactory for many purposes 
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and even plastics or glass can often be 
used. 


18.63. On account of their consider- 
able penetrating power, the absorption 
of neutrons and gamma rays is a much 
more difficult matter. These radiations 
are prodyced extensively in nuclear 
reactors, both being liberated in the 
fission process, whereas gamma rays 
are emitted by many fission products. 
It is the intense gamma activity of the 
latter which makes it necessary to 
handle spent fuel elements by remote 
control. As with beta rays, the best 
absorbers for gamma radiation are 
materials of high density. In this case, 
however, high atomic number is an 
advantage, and hence lead, which has 
both a high density and a high atomic 
number, has been accepted as one of 
the best materials for gamma shielding 
(§ 8.96). For nuclear reactors, in par- 
ticular, and also for high-energy accel- 
erators, where the gamma rays are 
accompanied by neutrons, lead is not 
an altogether satisfactory shielding 
material, apart from its excessive cost. 

18.64. Since the capture cross sec- 
tions are, generally, larger for slow 
than for fast neutrons (§ 11.99), it is 
evident that the most effective neutron 
shielding can be achieved by first de- 
creasing the speed of these particles, 
and then absorbing them in a suitable 
material. Slowing down of the neu- 
trons of high energy, e.g., in excess of 
1 MeV, is best achieved by taking ad- 
vantage of the inelastic scattering 
with an element of fairly high mass 
number (§ 11.61). This will bring the 
neutron energy down to about 0.1 MeV 
when the familiar moderators, i.e., 
elements of low mass number, are most 
effective in slowing down neutrons. 
For this purpose, hydrogen, in the 
form of water, is particularly suitable. 


-The hydrogen and other nuclei present 
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also serve to capture slow neutrons in 
(ny) reactions. As a result, however, 
some gamma radiation is emitted and 
this must be attenuated as far as pos- 
sible. À 

18.65. Concrete has been widely 
used for reactor shielding, because it 
is also a convenient and cheap struc- 
tural material It contains a sub- 
stantial amount of hydrogen, from the 
water used in its composition, as well 
as heavier elements, such as calcium 
and silicon, for slowing down and 
absorbing neutrons and attenuating 
gamma rays. For most reactors, a 
shield of about 8 feet of concrete is 
sufficient to reduce both neutrons and 
gamma rays to tolerable proportions. 
Instead of using ordinary concrete, re- 
actor shields are generally constructed 
from special "heavy" concretes, in- 
corporating an iron ore, such as limo- 
nite, and either steel punchings or the 
mineral barytes (barium sulfate). The 
elements of high mass number, i.e., 
iron and barium, slow down the very 
fast neutrons by inelastic scattering 
collisions, and also help greatly in the 
attenuation of the gamma radiations. 
Boron, in some convenient form, is 
occasionally incorporated into a reac- 
tor shield, because the boron-10 isotope 
readily absorbs neutrons by the (n,o) 
reaction accompanied by low-energy 
gamma rays which are easily atten- 
uated. 

18.66. There is always a possibility, 
although a remote one, that an acci- 
dent might lead to the disruption of a 
nuclear reactor and the consequent 
spread of fission products over a con- 
siderable area. Hence, reactors de- 
signed for central power supply pur- 
poses are usually enclosed within a 
spherical (cf. Fig. 15.5) or domed cylin- 
drical steel structure designed to con- 
tain any radioactive material that may 
escape from the core. These measures 
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provide adequate protection for those 
living in localities surrounding nuclear 
power plants. As a further measure of 
protection, such plants are located at 
safe distances from inhabited areas. 


RADIOCHEMICAL LABORATORIES 


18.67. Since a great deal of chemical 
and biochemical work of various kinds 
is performed with radioactive mate- 
rials, the question of the proper design 
of laboratories has become a matter of 
significance. In this connection there 
are two essential aspects which have 
to be kept in mind. The first is the 
necessity for preventing radioactive 
contamination of materials and equip- 
ment, which would vitiate the exper- 
imental results; and the second is the 
importance of avoiding access of ac- 
tive substances or of radiation to the 
body of the worker. Both of these 
considerations suggest the desirability 
of carrying out operations with radio- 
active materials in different labora- 
tories, according to the degree of ac- 
tivity involved. The precautions which 
must be taken against the radiation 
hazard when dealing with quantities 
having an activity of a curie are very 
different from those necessary when 
the activity is only a millionth part of 
a curie, i.e., a microcurie. At the same 
time, the contamination, by a minute 
quantity of material of curie activity, 
of an experiment being carried out at 
the microcurie level would be com- 
pletely ruinous. 

18.68. As far as the great majority 
of laboratory experiments are con- 
cerned, three levels of activity may be 
considered; these are first, activities 
below 1 microcurie; second, those be- 
tween about 1 microcurie and 1 milli- 
curie (one thousandth part of a curie); 
and third, those in the range from 
about 1 millicurie to 1 curie. It should 
be understood that the lower and 
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upper limits mentioned in each case 
are approximate, and are intended as 
a rough indication only. Work involv- 
ing materials with aetivities exceeding 
the curie level is performed in special 
concrete “hot cells" or in cubicles, 
often referred to as “caves,” with 
walls at least two feet thick. 

18.69. A problem which radiochemi- 
cal investigations of all activity levels 
have in common is that of preventing 
contamination of both equipment and 
persons. The situation is, however, 
somewhat similar to that existing in 
bacteriological laboratories, and the 
proper techniques must accordingly be 
employed. But the procedures, which 
have been called radiochemical asepsis, 
must be learned and rigorously prac- 
ticed at all times. 

18.70. If the activity of the experi- 
mental material is below the micro- 
curie level, the work can usually be 
done in an ordinary laboratory by 
taking reasonable precautions. This is 
the case with much isotopic tracer 
work with radionuclides which do not 
emit gamma radiation. The only spe- 
cial requirements are a place for stor- 
ing and handling the main stock of 
the isotope, and, as in all radioactive 
studies, a well-shielded room for count- 
ing, where the background activity is 
kept as low as possible. In spite of the 
relatively feeble activity at the micro- 
curie levels, precautions must be taken 
in handling the materials. Rubber 
gloves should be worn, and vessels 
containing radioactive solids and liq- 
uids should be manipulated with tongs. 

18.71. For work in the intermediate 
range, roughly from 1 microcurie to 
1 millicurie, a special "semi-hot" lab- 
oratory or, at least, one which has been 
suitably adapted, is recommended. An 
important feature of such a laboratory 
is a well-ventilated radiochemical 
hood, with a stainless steel interior 
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which can be cleaned with acid for re- 
moval of contamination. The working 
surface should also be of stainless steel. 
Aluminum or other materials may be 
used to construct the hood, the interior 
being covered with a thin coat of plas- 
tic material or aluminum foil (see Fig. 
18.5) which can be stripped off and 
replaced from time to time. The work 
benches or desks should have stainless 
steel tops or stainless steel trays may 
be used on ordinary desk tops. Ab- 
sorbent paper may be placed in the 
trays to facilitate cleaning up of spilled 
material. 

18.72. At the intermediate activity 
level, which includes tracer experi- 
ments with appreciable amounts of 
beta emitters, especially if gamma ra- 
diations are present, proper shielding 
is essential to protect the operator. 
But for radionuclides which emit alpha 
particles or (soft) beta radiations of 
low energy, and no gamma rays, such 
as tritium, earbon-14, sulfur-35, and 
calcium-45, a minimum distance of 6 
inches from a glass vessel, achieved by 
means of tongs, combined with the 
use of heavy rubber gloves, provides 
sufficient protection in the activity 
range under consideration. Neverthe- 
less; it should be remembered that the 
activity-over the top of an open beaker 
is greater than at the sides or below, 
because the glass absorbs much of the 
soft beta-radiation. 

18.73. For other isotopes, two shield- 
ing techniques have been developed, 
the one to be used depending on the 
circumstances. In “close” shielding, 
each piece of equipment is shielded 
individually; it may be used with sub- 
stances emitting soft gamma rays of 
low penetrating power. Transparent 
plastic shields, of about an inch in 
thickness, have been employed for 
this purpose. For operations in which 
close shielding is not convenient, or 
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where fairly hard gamma radiation is 
being emitted, "barrier" shielding is 
preferable. A sufficiently high barrier, 
usually made of lead blocks, is built 
around the material and equipment 
required for an experiment. Manipula- 
tion is carried out with long-handled 
tongs (Fig. 18.5), or by means of var- 
ious devices which have been devel- 
oped for operating at a distance. 
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manent shielding, of lead or concrete, 
built in underneath the table tops and 
behind the walls of hoods, and all 
work must be performed with proper 
barriers. Special care must, of course, 
be taken in the disposal of waste 
products, 

18.75. Because work with appre- 
ciable quantities of radiouctive mate- 
rials must be carried out on the farther 


Fia. 18.5. Operation behind wall of lead bricks using long-handled tongs. (Los Alamos 
Scientific Laboratory) 


18.74. The so-called “hot” labora- 
tories, for experiments in which activ- 
ities of. one or more millicuries are 
involved, should be specially built for 
the purpose, with all surfaces, includ- 
ing floors and walls, of a nonabsorbent 
washable material. Projections where 
dust particles can collect must be 
avoided. Virtually all the working 
space and the sinks should be of stain- 
less steel under efficiently ventilated 
hoods. There should be adequate per- 


side of a high barrier, remote opera- 
tion becomes necessary. A variety of 
mechanical aids (Fig. 18.6) have been 


devised for making this possible. Where : 


the equipment is not directly visible, 
periscopes and mirrors are frequently 
employed, but the manipulation of 
apparatus at a distance, in this man- 
ner, obviously requires practice. 

` 18.76, The highest activity range, 
where curie quantities are handled, is 
not commonly encountered except at 


me —«—— 
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a few atomic energy installations. The 
work is then performed, as stated 
earlier, in well-shielded “hot cells" or 
“eaves.” On account of the difficulties 
of manipulation, all operations are 
specially planned to be as simple as 
possible, so that they can be carried 
out remotely (cf. Fig. 16.5). Work of 


Fia. 18.6, Remote operation behind a thiek shield using special mechanical aids. 
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entering the human system. A few 
centimeters of air and the use of gloves 
is quite adequate to shield the experi- 
menter from external alpha radiation. 
Small-scale operations with alpha- 
active radionuclides are consequently 
frequently performed in what is known 
as a “dry box” or as a “glove box” 


(Los 


Alamos Scientific Laboratory) 


this kind, and in fact many of the 
studies made in “hot” laboratories, are 
first carried out with inactive mate- 
rials, and a definite routine procedure 
is established before the hazardous 
substances are actually used. 

18.77. It has been already men- 
tioned that the chief danger when 
working with alpha emitters lies in 
the possibility of the active substance 


(Fig. 18.7). Various types have been 
designed, but in essence it is a closed 
box, with a sloping glass front, through 
which a current of air is drawn. A 
pair of rubber gloves are sealed in, s0 
that the hands may be placed in them; 
operations can then be carried out 
inside the box with full visibility and 
without danger. Glove boxes are also 
often used for experimental work with 
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emitters of soft, ie., low energy and 
short range, beta particles. 


EFFLUENT CONTROL AND 
WasTE DISPOSAL 


18.78. The control of radioactive 
effluents from nuclear reactors and 
from plants where the spent fuel is 
processed, and the disposal of waste 
material from biological and chemical 
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sumed by human beings. This hazard 
has to be borne in mind in the study 
of the treatment and control of radio- 
active effluents. As the nuclear power 
industry grows, so the amount of 
effluent to be treated will increase ac- 
cordingly. Consequently, studies are 
being made to develop better methods 
for the disposal of the waste products 
(cf. § 15.207 et seq.). 

18.79. Radioactive waste material 


et EM 


Fio. 18.7. Operation with an alpha-emitting radioactive material in & glove (or dry) 


box. (Los Alamos Scientific Laboratory) 


laboratories are important aspects of 
radiation protection. The problem of 
dealing with noxious waste products is 
not restricted to atomie energy in- 
stallations; it is one which many large 
industries must deal with in their daily 
operations. But the disposal of radio- 
active materials represents a special 
situation. The danger associated with 
radioactive wastes is mainly the pos- 
sibility that the soil or water may be- 
come contaminated, with the result 
that active material may ultimately 
find its way into food or drink con- 


may be gaseous, liquid, or solid, and 
the origin and disposal of these three 
types will be considered in turn. Gas- 
eous radioactive effluents arise chiefly 
from the activation of the air by 
neutrons from a reactor and from 
the reprocessing of spent fuel el- 
ements ($ 15.163 et seg.) The am- 
bient air in the space between a 
reactor and its shielding is inevitably 
exposed to the action of neutrons. 
As a result, the radionuclides car- 
bon-14, nitrogen-16, oxygen-19, and 
argon-41 may be formed by the 
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reactions 4N(n,p)*C, !5N(njy)5N, 
50(n,y)9O, and *'A(n,y)*'A, respec- 
tively. Of these, nitrogen-16 and ox- 
ygen-19 present no significant hazard, 
since they have very short half-lives, 
namely, 7.4 sec and 29.4 sec, respec- 
tively, and are formed in very small 
amounts. The proportion of earbon-14 
is also small. Hence, radioactive argon- 
41, with a half-life of 110 min, is the 
chief source of danger. This can be 
safely discharged with the admixed 
air through a high stack (see Figs. 
14.6 and 15.5) into the atmosphere 
where it soon decays. 

18.80. In the treatment of spent 
reactor fuels, the gaseous fission prod- 
ucts krypton, xenon, and iodine (vapor) 
are released from the fuel elements. 
These gases are diluted with large vol- 
umes of air and discharged to the 
atmosphere through high stacks. If 
the spent elements have had an ad- 
equate cooling period ($ 15.194) before 
reprocessing, most of the radioiodine 
will have decayed and the remainder 
will not represent a significant danger. 
Should the amount of iodine present 
be considered too large, however, it is 
removed by passing the waste gas 
through traps containing silver nitrate; 
the iodine is then retained as solid 
silver iodide. If, for meteorological or 
other reasons, the discharge of the 
radioactive krypton and xenon into 
the atmosphere is undesirable, the 
gases can bé adsorbed on carbon or 
silica gel, The resulting radioactive 
solid can then be disposed of in the 
same way as are other solid wastes 
(818.83). The air from processing 
plants may carry small solid or liquid 
radioactive particles; if so, they are 
removed by passing the air through 
filters before being discharged. 

18.81. Liquid effluents are generally 
considered in three categories, accord- 
ing to their degree of radioactivity, 
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namely, low, intermediate, and high 
level. The high-level liquid wastes are 
produced almost exclusively in fuel 
reprocessing plants and their treat- 
ment was described in Chapter 15. 
Relatively large volumes of waste 
water of a low level of activity are 
produced in the extraction of uranium 
from its ores and in fuel fabrication 
plants, as well as in the reprocessing 
of spent fuels. These wastes are usually 
disposed of by discharge into dry wells 
or open pits in the ground. The water 
seeps out slowly into the surrounding 
soil where most of the radioactive el- 
ements are adsorbed and fixed. Liquid 
wastes of an intermediate level are 
discharged from laboratories handling 
radioactive materials as well as from 
various plants. If the activity level is 
not too high and the volumes not too 
large, the liquid may be diluted with 
a large volume of water and treated 
as a low-level waste. Alternatively, 
the activity may be decreased by 
appropriate treatment, e.g., ion ex- 
change (§ 13.92) or precipitation, to 
remove some of the most active species, 
or by storage to permit them to decay. 
Subsequently, when the radioactivity 
is small enough, the waste liquid is 
discharged. 

18.82. A special type of low-level 
liquid waste is the cooling water from 
the plutonium production reactors at 
the Hanford Works and the Savannah 
River Plant. The water acquires some 
activity due to the capture of neutrons 
by impurities, but this is kept at a 
minimum by purification of the water 
before it enters the reactor system. 
After passage through the reactor, the 
water is stored for some time to per- 
mit the radioactivity to decay to a 
sufficient extent before it is discharged 
at a controlled rate into a river. The 
production reactors referred to above 
are unusual in the respect that they 
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have once-through cooling systems. In 
other large reactors, such as are used 
for power generation, the coolant 
forms a closed system and only rel- 
atively small amounts of waste prod- 
ucts require treatment, 

18.83. Most solid wastes from plants 
and laboratories handling radioactive 
materials are of a fairly low level of 
activity. They are generally disposed 
of by burial in a location that is not 
close to a water table. Combustible 
materials, such as wood, clothing, 
paper, etc., are sometimes burned to 
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reduce the volume before burial; how- 
ever, since the smoke may carry radio- 
active particles, special incinerators 
are used for this purpose. Discarded 
process equipment is sometimes freed 
from radioactive contamination by 
chemical cleaning, but if not, it is 
buried. The highly active solid wastes 
that will result from the treatment of 
high-level liquid wastes from fuel re- 
processing plants, as described in 
§ 15.178 et seg., will have to be sealed 
in closed vessels and stored in special 
safe locations 


GENETIC EFFECTS OF RADIATION 


SPONTANEOUS MUTATIONS 


18.84. According to the views gen- 
erally accepted at the present time, 
the mechanism of heredity, which is 
basically similar in all sexually repro- 
ducing plants and animals, including 
man, is somewhat as follows. The 
chromosomes, which are visible in di- 
viding cells (see Fig. 18.1), are believed 
to be differentiated along their lengths 
into thousands of submicroscopic units 
called genes. Each gene is supposed 
to be associated with a particular phys- 
ical characteristic; in man, for exam- 
ple, among such characteristics would 
be hair color, eye color, body size, men- 
tal ability, and so on. The chromo- 
somes and genes exist in every cell of 
the body, but there is a difference be- 
tween the somatic cells and the germ 
cells, i.e., the sperm cell (or spermato- 
zoon) in the male and the egg cell (or 
ovum) in the female, which are pro- 
duced in the reproductive organs 
(gonads). From the standpoint of ge- 
netics (or heredity) it is only the germ 
cells that are important. 

18.85. Somatic cells normally con- 
tain a definite number of chromosomes 
consisting of two similar, but not iden- 
tical, sets; one of these sets came from 


the sperm cell of the father and the 
other from the egg cell of the mother. 
For example, human somatic cells con- 
tain 46 chromosomes, made up of two 
sets of 23 chromosomes. The germ 
cells, however, contain only 23 chro- 
mosomes each, so that when the egg 
and sperm cells of the parents fuse, 
the resulting cell has the required 46 
chromosomes. As the individual plant 
or animal develops from the fertilized 
cell, the chromosomes and genes, de- 
rived from the two parents, are gen- 
erally duplicated without change. The 
process is usually referred to as replica- 
tion, because in the course of cell divi- 
sion each chromosome produces an 
exact replica of itself. In this way, all 
the characteristics of the offspring are 
derived from the genes of the parents. 

18.86. In rare instances, however, & 
deviation from the normal behavior oc- 
curs spontaneously, and instead of the 
chromosomes replicating themselves in 
every respect, a change occurs; such 
a change is called a spontaneous muta- 
tion. In plant and animal breeding, 
the consequences of inutations are 
referred to as "sports." Mutations may 
result from a gross change in the chro- 
mosomes, without the individual genes 


- arra 


Biological Effects and Radiation Protection 


being affected; these are known as 
chromosome mutations. For example, 
there may be a change in the number 
of chromosomes present in the cell; 
such changes are fairly common in 
plants (§ 18.101), but they are rare in 
mammals and are fatal if they do 
occur. In some cases, chromosome mu- 
tations result from breakage of a chro- 
mosome with subsequent failure to 
reunite or when two or more chromo- 
somes break and the parts join up in 
a different manner. Most mutations, 
however, especially in man and other 
mammals, arise from changes in one 
or more of the genes present in the 
chromosomes; these are gene mutations. 

18.87. Both chromosome and gene 
mutations can occur in the somatic 
cells, resulting in, somatic mutations; 
these may produce some effect that is 
apparent in the individual but is not 
passed on to succeeding generations 
in sexual reproduction (ef. § 18.85). If 
the mutation takes place in a germ 
cell, however, it is called a genetic mu- 
tation, and a new characteristic will 
probably appear in a later generation. 
The actual situation will depend upon 
whether the particular gene that has 
been changed is dominant or recessive. 
lf the gene is a dominant one, then 
the characteristic affected by that gene 
will appear in the offspring, even if it 
is contributed by the germ cell of only 
one of the parents. On the other hand, 
a particular ‘recessive gene must be 
Present in the germ cells of both par- 
ents if the characteristic is to be appar- 
ent in the next generation. A recessive 
gene may consequently be latent for 
a number of generations, until the 
Occasion arises for the union of sperm 
and egg cells containing the particular 
ene. As a general rule, gene mutations 
are recessive, but they are seldom 
completely recessive. Thus, some effect 
May be observed in the next genera- 
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tion even when the affected gene is 
derived from only one parent. 

18.88. Mutations are often differen- 
tiated in the respect that they are said 
to be either beneficial or deleterious, 
although the exact classification may 
vary from the point of view. In the 
great majority of cases, mutations are 
deleterious to the plant or animal in 
which they occur, in the respect that 
they lead to decreased probability of 
survival of the offspring. A few muta- 
tions are undoubtedly beneficial, al- 
though their consequences may not be 
apparent for several generations. It is 
by the process of natural selection and 
adaptation to the environment that 
spontaneous mutations in nature have 
led to the evolution of more and more 
advanced life forms. Moreover, it is by 
the breeding and interbreeding of mu- 
tant strains that there have been ob- 
tained fruits and vegetables which are 
useful to man. 


MUTATIONS CAUSED BY 
RADIATION 


18.89. In 1927, the important dis- 
covery was made by H. J. Muller in 
the United States that the rate of ap- 
pearance of mutations in Drosophila 
melanogaster, the common fruit fly, 
could be increased by exposure to 
X-rays. Subsequently, mutations in- 
duced by radiations, including alpha 
and beta particles, gamma rays, and 
neutrons, have been observed in other 
forms of life, both animal and vege- 
table. A considerable amount of work, 
especially from the biochemical stand- 
point, has been done on the influence 
of radiation on the red-colored bread 
mold known as Neurospora crassa, a 
simple form of plant life, which, for 
many reasons, is particularly suited 
to genetic studies. Experiments on mu- 
tations induced by radiations have also 
been made with various animal species, 
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including mice; rats, and rabbits. In 
general, the types of mutations pro- 
duced by radiation are similar to those 
which occur spontaneously as well as 
to those caused by certain chemicals, 
notably mustard gas and related com- 
pounds. The effect of radiation is only 
to increase the number of mutations. 

18.90. Experiments with the fruit 
fly and various animals has shown that 
the increase in the frequency of occur- 
rence of gene mutations as a result of 
exposure to radiation is approximately 
proportional to the total (accumulated) 
^ose received by the gonads of the 
parents from the beginning of their 
development to the time of conception 
of the progeny. It is for this reason 
that the maximum permissible expo- 
sure of those whose work brings them 
into the vicinity of radiation sources 
has been set in terms of the accu- 
mulated dose as the primary consid- 
eration ($ 18.36). There is apparently 
no amount of radiation, however small, 
that does not cause some increase in 
the normal mutation frequency, at 
least in the male. Since plants and 
animals are always exposed to natural 
radiation from the surroundings and 
from potassium-40 and carbon-14 in 
the body, it is not impossible that 
some, at least, of the so-called sponta- 
neous mutations may have been in- 
duced by radiation. 

18.91. From the work of Muller on 
the fruit fly, it appeared that the in- 
crease in mutation frequency depended 
only on the total dose and was inde- 
pendent of the dose rate, i.e., the time 
over which a given dose was delivered. 
These conclusions were accepted for 
Several years as being applicable to all 
living organisms, including man. In 
1958, however, W. L. Russell and his 
associates at the Oak Ridge National 
Laboratory published the first results 
of their work on the production of 
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in mice; these results, which have since 
been confirmed, have led to a change 
in the point of view. It nas been found 
that, with X-rays and gamma rays, at 
least, there is indeed a proportionality 
between the total dose of radiation and 
the increase in mutation frequency, 
but the actual frequency is, to some 
extent, dependent upon the dose rate. 
Thus, in one series of experiments with 
male mice, the mutation frequency at 
a dose rate of 90 rads per min was 
three or four times as great as for a 
rate of 0.8 rad per min, the total dose 
being the same in both cases. However, 
when the dose rate was decreased still 
further to 0.001 rad per min, there 
was no significant change in the muta- 
tion frequency for a given total dose. 
This result implies that at low radia- 
tion dose rates the mutation frequency 
in male mice is independent of the ac- 
tual dose rate, as it is in fruit flies, 
but at higher dose rates the frequency 
increases with increasing dose rate. In 
the female mouse, on the other hand, 
it appears that the mutation frequency 
is always dependent on the radiation 
dose rate, even at quite low rates. 
18.92. The dependence of the muta- 
tion frequency on dose rate suggests 
that some of the damage caused by 
radiation to the gonad cells can be 
repaired. These cells differ from s0- 
matic cells, however, because the lat- 
ter can be repaired (or replaced) com- 
pletely, but the genetic cells in the 
male mouse, and presumably in all 
male mammals, can only be partially 
repaired at best. The difference in be- 
havior in male and female mice is not 
altogether surprising because the mech- 
anism for production of sperm cells in 
the male is quite different from that 
of egg cells in the female. By taking 
advantage of this difference, Russell 
was able to show that the dose-rate 
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effect on genetic mutations is probably 
the result of repair in the reproductive 
organs before the mutations actually 
occur in the sperm and egg cells. Once 
a change has taken place in such a 
cell, there is apparently no recovery. 

18.93. The relatively limited stud- 
ies with neutrons made so far indicate 
that there is no dose-rate influence on 
mutation frequency in mice. The 
effect compared with that of gamma 
rays, ie, the RBE of neutrons for 
genetic mutations, is therefore depend- 
ent on the dose rate of the gamma rays 
used for comparison purposes. At a 
high dose rate (of both neutrons and 
gamma rays), the RBE of fission neu- 
trons is about 6, but at low dose rates 
it is roughly three times as large. The 
results obtained with neutrons would 
suggest that there is no repair of the 
gonad cells after exposure to these par- 
ticles, but a final conclusion must 
await further data. 

18.94. As stated earlier, radiation, 
especially at high dose rates, increases 
the mutation frequency but does not 
alter the character of the mutations; 
most will be deleterious but some will 
be beneficial. The harmful effects of a 
deleterious mutation may be relatively 
Minor, such as an increased suscepti- 
bility to disease or a decrease in life 
expectancy of a few months. On the 
other hand; they may be more serious, 
such as death in the embryonic stage 
Or the inability to reproduce. Thus, 
individuals bearing deleterious genes 
are Handicapped relative to others, 
Particularly in the respect that they 
tend to have fewer progeny and die 
earlier, on the average. Tt is apparent, 
therefore, that such genes will even- 
tually be eliminated from the popula- 
tion. A gene that is very harmful will 
be eliminated rapidly, since few (if 
any) individuals carrying such genes 
will survive to the age of reproduction. 
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On the other hand, a slightly del- 
eterious gene may persist much longer 
and thereby do harm, although of a 
less severe character, to a larger num- 
ber of individuals. 

18.95. The genetic effects of radia- 
tion on man may be expected to be 
similar to those observed with insects, 
plants, and mammals. Based on the 
data from fruit flies, it has been es- 
timated that it would be necessary for 
every member of the population to 
receive a dose of from 30 to 100 rads 
to the gonads prior to conception for 
the mutation rate to be double that 
at which mutations are now occurring 
spontaneously. The frequency of mu- 
tations is greater for mice, and presum- 
ably for other mammals, than it is for 
fruit flies. On the other hand, as seen 
above, there is evidence.of some repair, 
at least with gamma rays and X-rays. 
Except for accidents, the dose rates of 
the radiation received by human be- 
ings, including those working with ra- 
diation sources, is low. Consequently, 
the accumulated dose to every individ- 
ual would probably need to be at least 
30 rads in order to double the natural 
mutation frequency. The recommenda- 
tion given in § 18.36, that the total 
average 30-year dose to all members 
of the population should not exceed 5 
rads to the gonads, is thus designed 
to prevent a significant increase in the 
frequency above that at which muta- 
tions occur spontaneously. 

18.96. The discussion so far has 
been largely with deleterious muta- 
tions in mind; but what of the beneficial 
mutations? It is true that they are 
rare, but they have nevertheless con- 
tributed to the evolutionary progress 
of the human race. It may be won- 
dered, therefore, whether radiation 
exposure might not have some favor- 
able effects due to the increase in the 
number of beneficial mutations. The 
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. general feeling, however, is that the 
present normal frequency of sponta- 
neous mutations provides a sufficient 
degree of genetic variability for fur- 
ther evolution at a satisfactory rate. 
In other words, it is considered that 
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the human race resulting from an in- 
crease in the beneficial mutations by 
radiation is greatly outweighed by the 
immediate drawbacks due to the more 
numerous deleterious mutations. 


EFFECTS OF RADIATION ON PLANTS 


RaprosENsITIVITY OF PLANTS 


18.97. The study of the effects of ra- 
diation on plants is not only of in- 
trinsic interest, but the results may 
also help in understanding some of the 
effects in other forms of life. The con- 
ditions for growing plants are, of course, 
simpler than those required for the 
care of animals, It has been long known 
that plants are sensitive to radiation; 
appreciable doses can either inhibit 
growth or kill the plant completely. 
The effect of various chronic radiation 
doses on pine seedlings, four to five 
years old, which were exposed for a 
period of 17 months is shown in Fig. 
18.8. The sensitivities of different 
plants, however, vary very greatly. 
Thus, it requires a few million rads to 
kill bacteria, whereas some, more 
highly developed, plants can be killed 
by less than a thousand rads.* For 
many years, no correlation was evident 
between the radiosensitivity of a plant 
and any of its other properties. As a 
result of observations on à number of 
herbaceous (nonwoody) plants, how- 
ever, A. H. Sparrow and his collab- 
orators at the Brookhaven National 
Laboratory reported in 1963 that there 
was a direct relationship between the 
sensitivity of a plant to radiation and 
the average volume occupied by a 
chromosome in the cell nucleus. The 
larger the chromosome volume, the 
more sensitive is the plant and, hence, 
the smaller is the radiation dose re- 


quired either to kill the plant or to 
cause a certain degree of damage. As 
an illustration, two fairly extreme 
examples may be given: the lethal dose 
for the lily Lilium longiflorum, with 
an average chromosome volume of 
52 X 10-!? cc, is about 800 rads, but 
for the small succulent plant Sedum 
rupifragum, with a chromosome vol- 
ume of 0.52 X 107? ce, the lethal dose 
is some 75,000 rads. Thus, the lily, 
with a chromosome volume 100 times 
larger than that of the sedum, requires 
a radiation dose almost 100 times 
smaller to cause death. 

18.98. Since a large chromosome 
may be expected to absorb a larger 
amount of energy from the radiation 
than a small chromosome, it is rea- 
sonable to suppose that the damage 
caused to a plant; by radiation is deter- 
mined by the amount of energy that is 
absorbed by the chromosome. This 
expectation is borne out by the exper- 
imental results which show that an 
average of about 3.5 MeV of gamma- 
radiation energy per chromosome, 89 
an acute dose, is lethal for herbaceous 
plants, regardless of the chromosome 
size or the number of chromosomes per 
nucleus. About 1 MeV per chromo- 
Some causes slight growth inhibition 
whereas 2.3 MeV produces severe in- 
hibition. 

18.99. A similar relationship be- 
tween radiosensitivity and chromo- 
some volume has been found to exist 


` *It is of interest that insects are much more radioresistant than mammals, which represent 


a later stage of development. 


Biological Effects and Radiation Protection 


for woody plants. On the whole, how- 
ever, such plants are more radiosen- 
sitive than herbaceous plants. Thus, 
roughly 1.5 MeV per chromosome is 
lethal for woody plants, 1 MeV causes 
severe inhibition of growth, and 0.5 
MeV produces slight inhibition. Among 
the most radiosensitive of the woody 
species are the gymnosperms, i.e., 
plants (such as pines) with seeds not 
enclosed by an ovary. 

18.100. One of the important conse- 
quences of the results described above 
is the clarification it has provided of a 
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i.e., plants with more than two sets of 
chromosomes, are insensitive to injury 
by radiation; the cells usually have a 
large number of chromosomes per nu- 
cleus, e.g., 136 for Sedum rupifragum, 
and so the single chromosome volume 
is quite small. Large doses of radiation 
are consequently required to inhibit 
the growth of or to kill such plants. 


RADIATION MUTATIONS IN PLANTS 


18.101. As already seen, radiation 
can produce mutations in plants; most 
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Fig. 18.8. Pine seedlings tenor to various dose rates of gamma radiation. (Brook- 
aven National Laboratory) 


number of confusing reports of studies 
in radiobiology, e.g., variation of the 
radiosensitivity of the same cell at dif- 
ferent stages of the life cycle of the 
plant, the dependence of the sensitiv- 
ity on the number of sets of chromo- 
Somes, etc. Because the average chro- 
mosome volume varies with the stage 
of cell division, the sensitivity of in- 
dividual cells to radiation will depend 
9n the stage at which the observations 
are made. Consequently, in comparing 
different plants for radiosensitivity, it 
15 essential that all the plants are in 
equivalent states, e.g., either dormant 
9r growing actively. Furthermore, it 
has been known that polyploidal plants, 


of them, however, are chromosome mu- 
tations rather than gene mutations 
such as occur in animals. Changes oc- 
cur as the result of the breakage of. 
chromosomes and of the formation of 
new combinations by the union of 
broken ends. There may also be changes 
in the number of chromosomes in the 
cell nuclei. Most seed-producing plants, 
like animals, are diploid, i.e., the nu- 
cleus contains two sets of chromo- 
somes. But as a result of exposure to 
radiation, one, two, or more chromo- 
somes may be deleted or added. Thus, 
if a cell normally contains two sets of 
15 chromosomes, it will have 30 chro- 
mosomes in all; the action of radiation 
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may lead to the formation of cells with 
28, 29, 31, 82, etc., chromosomes. 
Much less frequently, the whole set of 
chromosomes in a plant cell may be 
duplicated, with the formation of a 
polyploid system; in the case under 
consideration the total number of 
chromosomes in a nucleus may change 
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more, by such methods it is possible 
to propagate somatic mutations, which 
have no genetic significance in animals, 
and thus perpetuate them in plants, 
There is also another effect of radia- 
tion, not strictly genetic, which can be 
reproduced by vegetative means. 
Plants called chimeras contain tissue 


Fig. 18.9. Red (or partially red) flowers produced by irradiation of a White Sim carna- 
tion plant. (Brookhaven National Laboratory) 


from 30 (diploid) to 45 (triploid), or 
60 (tetraploid), or even more, as a 
result of the action of radiation. 
18,102. Propagation ‘of mutations 
produced by radiation in plants may 
not always be possible by sexual means, 
i.e., by means of seeds, but it can fre- 
quently be achieved: by vegetative 
(asexual) methods, i.e., by grafting, 
budding, or from cuttings. Further- 


of at least two different types; in some 
(periclinal) chimeras, there are two oT 
more concentric adjacent layers which 
are genetically different. In certain 
instances, radiation destroys one of the 
layers, with the result that a new 
variety of plant may be formed which . 
can be propagated vegetatively. An 

example is the appearance after radia- 

tion exposure of red flowers on a carna- — 
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tion plant (White Sim variety) that 
normally has only white flowers (Fig. 
18,9). The change was apparently due 
to the destruction of an outer layer of 
cells which determines flower color and, 
in this case, carried the genetic factors 
for white petals. The internal layer, 
with the genetic combination for red 
petals, then developed into a new outer 
layer and subsequently gave rise to 
red flowers. 

18.103. Exposure of plants or seeds 
to radiation for the purpose of inducing 
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mutations or other changes may prove 
lethal in many cases and the seeds may 
become sterile. A small proportion of 
the exposed objects will survive, how- 
ever, and will have undergone muta- 
tion. Of these, most will be useless, 
but perhaps one or two per thousand 
may be of interest for agricultural or 
horticultural purposes. It is in this 
manner that beneficial mutations, such 
as those described in § 17.224 et seg., 
were obtained and more may be ex- 
pected in the future. 
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Cosmic Rays 


Chapter 19 


THE PROPERTIES OF COSMIC RAYS 


Tar Discovery or Cosmic Rays 


19.1. The study of cosmic rays, 
which has revealed some striking and 
complex phenomena, owes its origin 
to the attempts by physicists, at the 
beginning of the present century, to 
account for the continuous leakage of 
current. from charged electroscopes. 
For example, around 1900, C. T. R. 
Wilson ($7.86) in England, and J. 
Elster and. H. Geitel in Germany re- 
ported a loss of charge, presumably 
due to ionization of the air in the 
electroscope, even when precautions 
were taken to prevent access of known 
ionizing radiations. Wilson suggested 
the possibility that the ionization might 
be eaused by unknown rays coming 
from outside the earth, and this view 
appeared to find support in the ob- 
servations made in Canada, two or 
three years later, by J. C. McLennan 
and E. F. Burton, and by E. Ruther- 
ford and H. L. Cooke. The former 
workers studied the rate of. discharge 
of an electroseope on the surface of 
frozen Lake Ontario at some distance 
from land, and the latter noted the 
effect of thick layers of iron and lead. 
In both cases, the loss of charge was 

- diminished, but there was always a 
residual ionization which could not be 
eliminated. 

19.2. The effects observed were un- 


doubtedly small, and they could be 
decreased by the use of sufficient 
shielding; hence there was some feeling 
of doubt concerning their significance. 
In a review of the subject written in 
1909, the conclusion was drawn that 
the ionizing radiations were entirely of 
terrestrial origin. It was thought that 
they were due either to radioactive 
minerals in the earth, or to traces of 
the gaseous emanations (§ 5.18) arising 
from such minerals, or to both. There 
is no doubt that ionizing rays of radio- 
active origin are present in the atmos- 
phere, and it seemed reasonable to 
attribute to them the observed ioniza- 
tion. Since such radiations are com- 
pletely absorbed by a few inches of 
lead, however, there was sufficient un- 
certainty to make the matter worthy 
of further investigation. 

19.3. In the years 1909 and 1910, 
T. Wulf made observations on the dis- 
charge of electroscopes at the top of 
the Eiffel Tower in Paris, France, an 
the Swiss scientist A. Gockel studied 
the same phenomenon at high altitudes 
in the course of balloon ascents. If the 
ionizing radiations come from the earth, 
their intensity should diminish at great 
heights, because passage through a con- 
siderable layer of air would be accom- 
panied by absorption and consequent 
attenuation. The data obtained indi- 
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cated that a small decrease in intensity 
actually occurred, at first, but at higher 
altitudes the ionization commenced to 
increase. At an elevation of 4500 meters 
(14,800 feet) Gockel found that an 
electroscope was discharged even more 
rapidly than at the earth’s surface. 

19.4. On the basis of the foregoing 
results it would appear that the ioniz- 
ing radiations could not be exclusively 
of terrestrial origin, but the experi- 
mental techniques were not too reliable, 
and the obvious conclusion was not 
widely accepted. In the succeeding 
years, more careful quantitative meas- 
urements were reported by V. F. Hess 
in Austria, in 1911 to 1913, and by 
W. Kolhórster in Germany, in 1913 
and 1914; both these investigators 
made balloon ascents, to heights of 
about 5000 and 9000 meters, i.e., about 
16,500 and 30,000 feet, respectively, 
and found a marked increase in the 
lonizing radiations at high elevations. 
Consequently, Hess suggested that the 
rays were “of cosmic origin,” and re- 
ferred to them as ‘“Hdhenstrahlung,” 
which might be translated as “high- 
altitude rays." If these radiations orig- 
inated from outside the earth, yet reach 
the surface after passing through the 
atmosphere, it is evident that they 
must have great penetrating power. It 
is thus possible to understand how the 
rays can traverse the thick layers of 
metal which were used to shield charged 
electroscopes in some of the early ex- 
periments mentioned above. 

19.5. The war in Europe interrupted 
the study of these highly penetrating 
radiations, but in 1922 investigation of 
the subject was resumed, particularly 
by the noted American physicist, R.A. 
Millikan (§ 2.33) and his collaborators. 
Millikan used so-called "free" balloons, 
i.e., unmanned balloons, containing re- 
cording instruments, and was thus able 
to obtain measurements at altitudes of 
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15,500 meters (51,000 feet). In addi- 
tion, observations were made in air- 
plane flights and on mountain tops, 
as well as at considerable depths in the 
water of mountain lakes. The existence 
of the penetrating radiations under all 
these conditions was confirmed, and 
since they appeared to come from an 
extraterrestrial source, Millikan in 1925 
called them cosmic rays, à name now 
universally adopted. Although it is the 
practice to speak of cosmic rays as if 
they were a single type of radiation, 
they are actually very complex, as will 
shortly appear. The primary rays in 
outer space are relatively simple, but, 
because of their interaction with mat- 
ter, their nature changes as they pass 
through the atmosphere. 


Tur Srupy or Cosmic Rays 


19.6. Since about 1910, cosmic rays 
have been studied almost continuously 
using techniques which have changed 
and improved with time. Although the 
rays enter from above the atmosphere, 
the secondary effects are detectable at 
considerable depths below earth’s sur- 
face. Consequently, observations have 
been made at high altitudes by the use 
of free balloons, satellites, and sound- 
ing rockets, at various elevations on 
the surface of the earth, and at loca- 
tions both under the ground, in mines, 
and under water. 

19.7. All the early work on cosmic 
rays was done with some form of ion- 
ization chamber (§ 7.10) in conjunction 
with a suitable electrometer. Instead 
of counting individual particles, the 
instrument was used as an integrating 
device to measure the total amount of 
ionization produced by the cosmic rays 
entering the chamber. By grounding 
the central electrode at definite inter- 
vals, the ionization charge collected in 
a given period of time could be deter- 
mined. When electronic amplifiers be- 
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came available, the ionization chamber 
was used to indicate individual events 
or groups of events accompanying the 
passage of cosmic rays. 

19.8. The development of the Gei- 
ger-Müller tube, with its internal am- 
plification, in 1928 (8 7.28) led to its 
. almost immediate use for cosmic-ray 
work in 1929 by W. Bothe and W. Kol- 
hórster in Germany. By making use of 
two or more of these counters, either 
alone or in conjunction with a cloud 
chamber, a number of highly ingenious 
devices were constructed for investi- 
gating a variety of effects associated 
with cosmic rays. An illustration is 
provided by what is sometimes known 
as a cosmic-ray telescope; in its simplest 
form this consists of two or more G-M 
tubes oriented horizontally, with one 
placed vertically above the other, and 
connected by a coincidence circuit (cf. 
$7.95). Since a system of this kind 
responds only to ionizing particles (or 
radiations) passing through all the 
counters, it will record only pene- 
trating particles traveling in a vertical 
direction. If the relative positions of 
the tubes are changed, the number 
coming from other directions can be 
counted. 

19.9. In 1927, the Russian physicist, 
D. Skobelzyn, adapted the Wilson cloud 
chamber ($7.90), with an associated 
magnetic field, to the study of cosmic 
rays. With certain modifications, to be 
described below, this instrument has 
proved of great value; its use has led 
to the discovery of new particles, such 
as the positron ($2.67) and others to 
be described in the next chapter. In 
order to slow down the rapidly moving 
particles, thus increasing the specific 
ionization in their paths, and also to 
observe, if possible, the end of their 
tracks, cloud chambers for cosmic-ray 
work are filled with gas at high pres- 
sure. In the multiplate cloud chamber a 
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number of horizontal plates, usually of 
metal, are placed horizontally across 
the chamber at intervals (cf. Fig. 19.7). 
The probability that a cosmic-ray par- 
ticle will interact with matter within 
the chamber is thus greatly increased. 
The effect of the interaction can be 
determined by observing the tracks 
between the plates. 

19.10. By locating a Wilson cloud 
chamber between two G-M counters, 
as did Blackett and Occhialini in 1933 
in the work described in § 2.72, it is 
possible to make the cosmic-ray par- 
ticle record its own cloud track. The 
coincidence circuit is connected to a 
relay which causes the expansion of 
the cloud chamber to take place when 
an ionizing particle has passed through 
the two G-M tubes and the chamber 
(cf. § 7.95). Since the ions formed per- 
sist for an appreciable time, it is pos- 
sible to photograph the cloud track 
during a short interval after the actual 
passage of the particle. This delay is 
often an advantage because the track 
is somewhat diffused, and so the num- 
ber of droplets present and hence of 
ions formed can be counted. 

19.11. As seen in .§ 7.141, a photo- 
graphic emulsion behaves somewhat 
like a cloud chamber in recording the 
paths of ionizing particles. The sim- 
plicity and lightness of the photo- 
graphic film are great assets in con- 
nection with observations made on 
mountain peaks, in balloons, and in 
space vehicles. Furthermore, the con- 
tinuous sensitivity of the emulsion is 
an advantage for there is no way of 
knowing in advance when an interest- 
ing nuclear event is about to occur. 
The photographic film technique was 
first employed for the study of cosmic 
rays by (Frl) M. Blau in Austria in 
1936, and its use has led to many im- 
portant discoveries. The early workers 
used nuclear track plates, but these 
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"were later displaced by the stripped 


emulsions described in § 7.142. A num- 
ber of such pellicles, in the form of a 
pack, are placed in a light-tight box, 
which the cosmic rays can easily pen- 
etrate, and exposed at high altitudes 
for some time. Since the stopping power 
of the emulsion is considerably greater 
than that of air, tracks frequently ter- 
minate in the emulsion producing 
events of particular interest. Measure- 
ments made on the tracks, which are 
observed under the microscope, pro- 
vide information on the properties of 
the particles causing them. 

19.12. It has been found in recent 
years that various solids can serve as 
detectors, especially for energetic, 
heavy charged particles such as are 


present to some extent in cosmic rays 


(§ 19.51). Tracks of this kind were 


first observed in mica that had been 


exposed to fission fragments by E. C. 
H. Silk and R. S. Barnes in England 
in 1959, using an electron microscope. 
A significant advance was made by 
P. B. Price and R. M. Walker in the 
United States some three years later; 
they found that the tracks could be 
enhanced by a suitable etching ma- 
terial, e.g., hydrofluoric acid for mica, 
and then the tracks could be observed 
in an ordinary optical microscope. The 
chemical etching technique was subse- 
quently applied to tracks produced by 
charged particles in various solids, in- 
cluding glass, plastics, and minerals. 
Among the uses of such solid-state 
track detectors, reported in 1967, is 
the study of the heavier particles in 
Cosmic rays. For this purpose thin 
sheets of plastic, e.g., cellulose nitrate, 
about 1000 sq em in area, are made 
into a stack and sent aloft in a balloon 
or satellite. Upon recovery, the sheets 
are etched with sodium hydroxide 
which renders the particle tracks vis- 
ible in a low-power microscope. From 
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the characteristics of the tracks, in- 
formation can be obtained concerning 
the charged particles that produced 
them. 

19.13. Since the latter 1950s, some 
new methods have been devised for 
studying cosmic rays, especially the 
showers (or cascades) of particles that 
cover a large area and result from the 
interaction of particles of very high 
energy in the atmosphere (§ 19.66 et 
seq.). One procedure, developed in the 
United States, is to employ disks, about 
1 square meter (10.7 square feet) in 
area and 10 cm thick, of a plastic 
scintillator ($7.51); the light flashes 
produced are detected in the usual 
manner with photomultiplier tubes. In 
the United Kingdom, the Cherenkov 
radiation (87.80) produced by high- 
energy particles in passing through a 
depth of some four feet of water has 
been used to study cosmic-ray showers. 
The water is contained in tanks which 
are up to 35 square meters (375 square 
feet) in area. In order to observe a 
shower, a number of detectors are 
placed in an array and a shower is 
indicated when several (or all) of them 
respond in coincidence. As an alterna- 
tive to the G-M cosmic-ray telescope 
for determining the direction in which 
cosmic-ray particles travel, use has been 
made in the United Kingdom and else- 
where of an arrangement of neon tubes, 
similar to the hodoscope mentioned 
in the footnote to §7.135. The high 
voltage required to energize the tubes 
is triggered by a particle passing 
through them. 


Tug LATITUDE EFFECT 


19.14. For several years, it was 
widely accepted that the primary cos- 
mic rays were photons (§ 3.35) of high 
energy coming from outside the atmos- 
phere; it was thought that the inter- 
action of these photons with the orbital 
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electrons of nitrogen, oxygen, and other 
atoms in the atmosphere by the Comp- 
ton effect (83.36) produced high-energy 
electrons. These electrons would then 
cause extensive ionization which would 
account for the observed properties of 
‘the cosmic rays. In 1929, however, 
Bothe and Kolhórster, as a result of 
studies of the absorption of cosmic 
rays by thick layers of gold, suggested 
that the primary cosmic rays were 
electrically charged particles and not 
photons, If this is the case, then the 
rays should be affected by earth's mag- 
netie field. Charged particles coming 
from an extraterrestrial source will suf- 
fer maximum deflection if they ap- 
proach in the direction of the earth's 
geomagnetie equator.* The extent of 
the deflection should decrease, how- 
ever, as the particles approach more 
toward the polar regions. It follows, 
therefore, that if cosmic rays do in- 
deed consist of charged particles, a 
variation of intensity with the geo- 
magnetic latitude should be observed. 
The intensity should be greatest near 
the poles, where the approaching par- 
ticles are not appreciably deflected, 
and least in the region of the geo- 
magnetic equator, where the deflection 
is a maximum. 

19.15. Early attempts to observe 
what is now called the latitude effect 
were unsuccessful. Then, in 1927, the 
Dutch physicist, J. Clay, reported a 
noticeable decrease in intensity of cos- 
mic rays, observed on shipboard, in 
the region of the geomagnetic equator. 
The variation of intensity with geo- 
magnetic latitude depends to some ex- 
tent on the longitude, f and this fact 
led to a certain amount of confusion. 
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It was as a result of the comprehen- 
sive investigations made by A. H. 
Compton (§ 3.36) and his coworkers 
in the early 1930s that the existence 
of the latitude effect was definitely 
established. Lines drawn on a map, 
passing through points of equal cos- 
mic-ray intensity, are found, as ex- 
pected, to be almost parallel to the 
lines of geomagnetic latitude. These 
results provided strong evidence for 
the view that cosmic rays consist, at 
least partly, of electrically charged par- 
ticles originating outside the earth. 
19.16. If the cosmic-ray intensities 
at various geomagnetic latitudes, for 
a given longitude, are plotted, the re- 
sult is a curve like that in Fig. 19.1. It 


COSMIC-RAY INTENSITY 


90°N o 90's 


GEOMAGNETIC LATITUDE 
Fic. 19.1, Approximate variation of cos- 
mic-ray intensity ale geomagnetic lati- 
tude. 


is seen that, between the magnetic 
poles and latitudes of about 50°, the 
intensity remains almost constant, the 
observed decrease taking place only 
between 50° latitude and the geomag- 
netic equator. 

19.17. It should be noted that the 
form of the curve in Fig. 19.1 is in- 
tended to be qualitative only, since it 
varies with the conditions of meas- 


* The geomagnetic equator is the imaginary great circle on the earth’s surface, everywhere 


equidistant from the earth’s magnetic poles. 


Degrees of latitude with napast to the geomag- 
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netic equator and the magnetic poles are referred to as geomagnetic lat 
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urement of the cosmic-ray intensity. 
At the top of the atmosphere, for ex- 
ample, the relative difference between 
the ionization intensities at geomag- 
netic latitudes of 0° and 90° is consider- 
ably greater than at sea level. This is 
due to the many changes occurring in 
the cosmic rays in their passage through 
the atmosphere, as will be seen later. 
There are also secondary effects which 
are related to the activity of the sun 
(§ 19.37 et seq.). 

19.18. There is some uncertainty as 
to whether the curve in Fig. 19.1 is 
actually flat between geomagnetic lat- 
itudes of about 50° and 90°, implying 
a constancy of the cosmic-ray intensity 
in these regions. If the intensity is in- 
deed constant, the implication would 
be that no primary cosmic-ray parti- 
cles with energy less than about 1500 
MeV (or 1.5 GeV)* can reach the 
earth’s atmosphere. Thus, by geomag- 
netic latitude 50°, all particles with 
energies of 1.5 GeV or more will have 
arrived, and a further increase in the 
number would not be possible. Later 
investigations of cosmic-ray intensities 
have indicated that the values may 
not be constant at latitudes greater 
than 50°; they probably increase to 
some extent, although less markedly 
than from the geomagnetic equator to 
latitude 50°. In this event, there is no 
sharp cutoff of the energy of the pri- 
mary particles reaching the earth’s at- 
mosphere. 


EAST-WEST AsyMMETRY EFFECT 


. 19.19. It was pointed out by B. Rossi 
in Italy in 1930 that, if cosmic rays 
contain a large proportion of electri- 
cally charged particles, there should be 


* As in § 9.73, the abbreviation GeV (giga electron volt) is 
earth's surface is mainly due to secondary par- 


or one billion) electron volts. 


_ į The ionization mt at or near the 


ticles, as will be explained later; hence, it is s 
le to su] po 


effect applies. It seems 
in the secondary particles will also be 


775 


a difference in the intensity of the rays 
coming from easterly and westerly di- 
rections. A moving stream of charged 
particles is deflected by a magnetic 
field in a direction perpendicular both 
to the field and to that of their motion. 
If the particles are positively charged, 
then the earth’s magnetic field will 
deflect them toward the east; on the 
other hand, they will be deflected to- 
ward the west if the particles are neg- 
atively charged. It follows, therefore, 
that if most of the cosmic-ray particles 
are positively charged, an observer on 
the earth will find a greater intensity 
apparently approaching from a west- 
erly than from an easterly direction. 
There should thus be what has been 
called an east-west asymmetry effect. 
This effect is expected to be most 
marked near the geomagnetic equator 
and should fall off to zero as the poles 
are approached. 

19.20. By making use of the ability 
of a system of two or more G-M tubes, 
arranged in coincidence, to act as & 
cosmic-ray telescope, it is possible to 
count particles coming from a specific 
direction. In this way the existence of 
the east-west asymmetry in cosmic rays 
has been proved. From measurements 
reported in 1935 near the magnetic 
equator in Peru and elsewhere, the 
American physicist T. H. Johnson es- 
tablished definitely that more parti- 
cles approach the earth from the west 
than from an easterly direction. This 
result not only confirmed the view 
that cosmic-ray particles are electri- 
cally charged, but jt also showed that 
the majority are positively charged.} 
These and other considerations led 
Johnson to suggest that the primary 


used for 10° (one thousand million 


trictly to these that the observed east-west 


however, that the charge which is predominant 
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particles, i.e., the high-energy particles 
present in cosmic rays before interact- 
ing with nuclei present in the atmos- 
phere, are mainly protons. This view is 
now adopted as providing the most 
satisfactory interpretation of numerous 
cosmic-ray phenomena, 
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at several different geomagnetic lati- 
tudes, The intensities obtained for cos- 
mic-ray particles reaching the instru- 
ment from all angles, at the given 
observation point, are depicted in Fig. 
19.2. In accordance with current prac- 
tice, the intensities are plotted against 
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Fra. 19.2. Relative cosmic-ray intensities as a function of the atmospheric depth 
(and altitude) at latitudes from 3° to 60*N. 


THE ALTITUDE Errecr 


19.21. It will be recalled that one 
of the essential arguments in favor of 
the extraterrestrial origin of cosmic 
rays was the marked increase of in- 
tensity observed with increasing alti- 
tude (§ 19.3). With the improved ap- 
paratus that later became available, a 
more careful and detailed examination 
of the effect of altitude has been made 


the atmospheric depth (or thickness) 
expressed as the mass per unit area 
in grams per sq em (ef. § 8.10). The 
corresponding altitudes are shown at 
the top of the figure.* The intensities 
given are relative; the actual values 
vary with the activity of the sun as 
will be seen later. 

19.22. The curves reveal a\number 
of interesting points. As already noted, 


* At sea level, the atmospheric depth is 1033 grams per sq cm. 
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the total cosmic-ray intensity increases 
with increasing altitude or decreasing 

_ atmospheric depth, i.e., in passing from 
right to left of Fig. 19.2. But at high 
altitudes, usually above 15 kilometers 
(50,000 feet), the intensity starts to 
fall off with increasing height. The 
intensity at any atmospheric depth, 
ie, at a given altitude, is seen to in- 
crease with geomagnetic latitude, as 
stated earlier. 

19.23. Very briefly, the generalshape 
of the curve of intensity versus atmos- 
pherie depth (or altitude) may be ex- 
plained in the following manner, When 
they first encounter the atmosphere, at 
high altitudes, the primary cosmic-ray 
particles, consisting mainly of protons, 
interact with the nuclei of the atmos- 
pheric gases to produce larger numbers 
of secondary particles, including pions, 
muons (§ 2.128), positive and negative 
electrons, and gamma-ray photons, as 
will be explained in § 19.32. An instru- 
ment which measures the total number 
of ionizing particles (or total ioniza- 
tion) thus registers an increase of in- 
tensity with decreasing altitude. This 
accounts for the small, rising portions 
of the curves at the left of Fig. 19.2. 
As the secondary particles pass down 
through the atmosphere, many are ab- 
sorbed; that is to say, they are slowed 
down until they no longer produce 
ionization. Hence, as the instrument 
descends, the ionization intensity re- 
corded decreases at first rapidly, and 
then more slowly as sea level is at- 
tained beyond the extreme right of the 
figure. 

19.24. As already seen, the differ- 
ence in the intensities at different lati- 
tudes, as shown by the several curves 
in Fig. 19.2, is due to the fact that a 
proportion of the cosmic-ray particles 
which can overcome the earth’s mag- 
netic field at San Antonio, Texas (geo- 
magnetic latitude 38°), for example, 
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do not have sufficient energy to do so 
at Madras, India (geomagnetic lati- 
tude 3°). For each geomagnetic lati- 
tude, between 0° and 50°, at least, 
there is a certain minimum energy 
necessary for the primary cosmic-ray 
particles to reach the earth. 


ENERGY DISTRIBUTION OF 
Cosmic-Ray PARTICLES 


19.25. The particles present in the 
primary cosmie rays have energies cov- 
ering a wide range, from less than 
1 GeV (10° eV) to almost 10? GeV 
(10? eV). Several methods have been 
used to estimate the numbers of parti- 
cles haying specific energies or energy 
ranges. At the lower end of the energy 
spectrum given above, the distribution 
has been calculated from curves of the 
type in Fig. 19.2, showing the cosmic- 
ray intensities at various geomagnetic 
latitudes. The area under such a curve 
is a measure of the total energy of the 
cosmic rays reaching the earth at that 
latitude; hence it gives the total en- 
ergy of the particles in excess of the 
calculated minimum for the given lati- 
tude. From this quantity, the number 
of primary cosmic-ray particles having 
energies in excess of that minimum 
can be determined. For energies in the 
range of roughly 10" to 10 eV, the 
distribution is derived from measure- 
ments of the track lengths in nuclear 
emulsions. In the range from about 
10" to 10% eV energy, observations on 
the muon intensity at sea level have 
been utilized to estimate the energy 
distribution among the primary cos- 
mic-ray particles. Finally, for energies 
greater than 10% eV (or so), the num- 
bers of particles have been inferred 
from a study of cosmic-ray showers 
(8 19.73 et seq.). 

19.26. By combining the results ob- 
tained by the procedures just described, 
it is possible to draw the curve in Fig. 
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19.3.* It shows (on the vertical scale) 
the relative numbers of primary cos- 
mic-ray particles having energies in 


yor"? 
40° 10" 10% 10° 107 40'? 
ENERGY (ELECTRON VOLTS) 
Fig. 19.3. Relative numbers of primary 
cosmic-ray particles (protons) with energies 
in excess of values indicated on the hori- 
zontal scale. 


excess of various values (on the hori- 
zontal scale) from 10° to almost 10” eV. 
As a basis for comparison, the relative 
number of particles with energies ex- 
feeding 1 GeV (10° eV) has been arbi- 
trarily set at unity.t It is seen from 
the curve that for every particle with 
energy in excess of 10° eV, there are 
about 1.3 X 10-4 with energies greater 
than 10? eV, about 3X 107? with en- 
ergies more than 1055 eV, and 2 x 10-15 
with energies exceeding 10!5 eV. It is 
evident, therefore, that although some 
cosmic-ray particles do indeed have 
very high energies, their number con- 
stitutes a minute proportion of the 
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total. For primary particles with en- 
ergies of more than 10? GeV (10" eV), 
for example, there are only two or three 
encounters with the earth's atmosphere 
every second.{ Nevertheless, the fact 
that particles with extremely high en- 
ergies are present in the primary cos- 
mic rays is a matter of great significance 
(§ 19.101). 

19.27. It is of interest to calculate 
the total amount of energy that reaches 
the earth in the form of cosmic-ray 
particles. The weighted average energy 
per particle, that is, the average which 
takes into account the numbers of par- 
ticles having specific energies over the 
whole range, has been estimated to be 
close to 10 GeV (10'? eV). The total 
number of cosmic-ray particles reach- 
ing the earth may be taken to be ap- 
proximately 2 X 10'8 per sec.$ Hence, 
the total amount of cosmic-ray energy 
is roughly 2 X 10% eV per sec, which 
corresponds to power production at the 
rate of 3 X 10° kilowatts. This is very 
small in comparison with the rate at 
which energy reaches the earth from 
the sun, namely 2 X 10" kilowatts, and 
is, in fact, about the same as the en- 
ergy derived from starlight. Nearly all 
the cosmic-ray energy is converted into 
heat as the primary particles undergo 
various interactions and the products 
are eventually absorbed in the atmos- 
phere. : 


Tur Sorr AND HARD COMPONENTS 


19.28. The extraordinary penetrat- 
ing power of cosmic rays is shown, in 
the first place, by their ability to pass 
through the earth's atmosphere, the 
absorptive power of which for ionizing 
radiations is approximately equivalent 


* The energies are the dion Hee nucleon; for protons, which constitute some 93 percent 
is 


of the primary particles, 


same as the actual 


ene! . 


The actual number of such particles falling on the whole earth is estimated to be about 


2 X 1055 per sec. 


{its corresponds to between one and two particles per year ber square mile. 


At this rate, about 100 grams of hydrogen fall on the earth eac] 


year from cosmic radiation. 
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-—— js not all. The rays have been detected 
underground and under water at dis- 


tances equivalent to 1400 meters of 


d _water below the earth’s surface. Only 


particles with very high initial energies 
could have penetrated to such depths. 
19.29. A study of the absorption of 
cosmic rays in matter has revealed the 
fact that the intensity does not de- 
erease regularly with the thickness of 
the absorbing material. With lead as 
absorber, for example, the intensity of 
the cosmic rays diminishes rapidly for 
the first 10 cm thickness, and then 
falls off much more slowly. This indi- 
cates that the cosmic rays consist -of 
at least two different types of radia- 


—— tion. That part which is absorbed by 


10 em of lead is called the soft com- 
ponent of the cosmic rays. The por- 
tion of the cosmic radiation which is 
able to pass through 10 em of lead, 
and which is absorbed only with diffi- 
culty, is called the hard component. 

Actually, the distinction between hard 
and soft components, based on the 
penetration of 10 em of lead, is some- 


what arbitrary, but it has proved very 


. convenient. The properties of the two 
types of cosmic rays, defined in this 


- manner, are quite characteristic, as 


- will be evident in due course. 
19.30. The soft component consti- 


tutes about 20 percent of the total 


cosmic radiation at sea level at 50° 
| geomagnetic latitude, but the propor- 
tion increases, at first, with increasing 
altitude. This is to be expected since 
= the soft component is more easily ab- 
sorbed than the hard component in 
- passing through the atmosphere. At 
— very great heights, where the total 
cosmic radiation commences to de- 
crease, as indicated by the turning 
— downward of the curves at the left- 


* The hard component is not the ací 


tual primary 
‘stage of its interaction with atmospheric nuclei (§ 19.36). 
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hand side of Fig. 19.2, the amount of 
the soft component also decreases. Ac- 
tually, the decrease in the total inten- 
sity is due to the decrease in the soft 
component at high altitudes, for the 
intensity of the hard component has 
been observed to increase steadily up 
to the greatest heights attained. 

19.31. Taken in conjunction with 
the interpretation of the shape of the 
curves in Fig. 19.2 given above, it 
may be concluded from these data that 
the hard component is more closely 
related to the primary cosmic radia- 
tion,* whereas the soft component is 
secondary radiation resulting from the 
interaction of the constituents of the 
hard component with atomic nuclei 
and from spontaneous changes which 
they undergo. This view will be elab- 
orated more fully below. It is sup- 
ported by the observation that a soft 
component can still be detected at 
great depths below sea level. Because 
of its relatively easy absorbability, it 
is inconceivable that the soft compo- 
nent will have penetrated to such dis- 
tances from the earth’s surface. It would 
appear, therefore, that the soft com- 
ponent is produced by, and is conse- 
quently secondary to, the extremely 
penetrating, hard component. 


PRIMARY AND SECONDARY 
Cosmic Rays 


19.32. From numerous studies of the 
properties of cosmic-ray particles, the 
following picture has been developed 
concerning the nature of the radiations 
at various altitudes. When a high-en- 
ergy primary cosmic-ray particle, usu- 
ally a proton but occasionally a helium 
(or heavier) nucleus (§ 19.51), collides 
with an atomic nucleus in the atmos- 
phere, the nucleus generally breaks up 
into smaller units. The latter are mostly 


cosmic radiation, but represents the first 
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neutrons, protons, and particularly pi- 
ons (pi-mesons). Other particles, such 
as antiprotons, antineutrons, kaons 
(K-mesons), etc., are produced at the 
same time, but their number is rela- 
tively small, The neutrons and protons 
formed may themselves interact with 
atomic nuclei and generate more parti- 
cles, chiefly pions.* 

19.33. From the standpoint of sec- 
ondary cosmic rays, the most important 
particles are apparently the positive, 
negative, and neutral pions. The neu- 
tral pion, which has an average life of 
only approximately 10- sec, decays 
essentially at its point of formation 
into two gamma-ray photons of high 
energy. This energy can be converted 
‘into an electron-positron pair when the 
photon encounters an atomic nucleus 
(§ 8.89). The resulting electrons and 
positrons can generate bremsstrahlung 
(84.75), which may have enough en- 
ergy to form more electron-positron 
pairs; the latter may in turn produce 
more bremsstrahlung, and so on. Thus, 
a neutral pion can initiate a chain (or 
cascade) of secondary reactions, lead- 
ing to the formation of considerable 
numbers of positive and negative elec- 
trons and photons (§ 19.66 et seg.). 

19.34. The positive and negative pi- 
ons have average lives of about 2.5 X 
10-* sec; although this is short, it is 
nevertheless significantly longer than 
the average lifetime of the neutral pion. 
Consequently, a considerable propor- 
tion of the charged pions, which travel 
with velocities approaching that of 
light, will be able to interact with 
atomic nuclei producing more pions— 
positive, negative, and neutral. In ac- 
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eordance with the arguments of the 
theory of relativity, the average life of 
a meson increases markedly as the 
velocity inereases toward that of light. 
Consequently, the probability that a 
charged pion will live long enough to 
interact with a nucleus increases with 
the velocity (and energy) of the pion. 
Those charged pions which do not in- 
teract undergo spontaneous decay into 
muons of the same sign plus neutrinos; 
although the latter are of interest 
(§ 19.54), they do not contribute sig- 
nificantly to cosmic-ray phenomena. 

19.35. Themuons exhibit only a very 
small tendency to interact with nuclei 
and so most will decay into an electron 
and two neutrinos. Before they decay, 
however, the high-energy charged mu- 
ons will produce considerable ionization 
in their passage through the atmos- 
phere. The ion-pairs so formed may 
generate secondary radiations in turn. 
Since the muons result from the decay 
of pions, which are themselves sec- 
ondary particles, the number of muons 
in the atmosphere increases at first 
with decreasing altitude. Subsequently, 
the muon population decreases stead- 
ily as these particles decay, The num- 
bers of photons and electrons vary 
with altitude in a similar manner, al- 
though the decrease after the maxi- 
mum is due to absorption rather than 
to decay. It is the combination of these 
two sets of circumstances that accounts 
for the form of the total cosmic-ray 
intensity curves in Fig. 19.2. 

19.36. At high altitudes, the pene- 
trating (hard) component of the cosmic 
rays consists mainly of positive and 
negative pions and muons, together 


_* Cosmic-ray neutrons and protons which do not have the high energy necessary to produce 
ions, etc., interact in other ways with nuclei in the AM edd For example, carbon-14 is 


ormed 


from neutrons and nitrogen-14 (§ 17.177). Several 


nuclides with masses from 22 


through 39, which have been detected in rain, probably result from the spallation of atmos- 


pheric argon-40 nuclei. 


T Radiations of the bremsstrahlung type are also produced by muons, but since the prob- 
ability (or cross section) for this process is inversely proportional to the square of the mass 
of the moving particle, it is very small for muons as compared with electrons. 
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with some neutrons and protons of 
high energy. At lower altitudes, most 
of the pions will either have interacted 
or decayed, and the muons are then 
the main constituents of the hard com- 
ponent near (and below) the earth’s 
surface.* The soft component at all 
altitudes is made up chiefly of positive 
and negative electrons and of photons, 
formed mainly from neutral pions at 
high altitudes and from muons at lower 
levels (Fig. 19.4). Near the surface of 
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Fre. 19.4. Development of soft and hard 
(secondary) components of cosmic rays. 


the earth, the photons are largely 
bremsstrahlung generated by the elec- 
trons and positrons in the vicinity of 
atomic nuclei. If the energy of the 
bremsstrahlung is in excess of 1.1 MeV, 
the photons can produce electron pairs 
and, consequently, more bremsstrah- 
lung. 


Tue Sun AND Cosmic Rays 
19.37. For some time after the dis- 
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that the intensity could be affected 
by the sun’s activity. The first clear 
indication of such an influence was 
obtained toward the end of the 1930s, 
but the data appeared to be somewhat 
confusing. For example, a cosmic-ray 
intensity change might be observed at 
high-altitudes but not near the earth’s 
surface. Furthermore, different results 
would often be obtained, at different 
geomagnetic latitudes. Some clarifica- 
tion of the situation has arisen from a 
better understanding of the character- 
istics of the primary and secondary 
cosmic-ray particles. Important infor- 
mation has also been obtained in this 
connection from observations on the 
sun and of cosmic rays made from 
various spacecraft. 1 

19.38. In considering the effect of 
the sun on cosmic rays, a distinction 
must be made between the particles in 
the lower energy range, ie, a few 
billion (giga) electron volts or less, 
and those of higher energy. At high 
geomagnetic latitudes, i.e., in the po- 
lar regions, cosmic-ray measurements 
made at high altitudes give the inten- 
sities of particles of all energies, high 
and low. But at low altitudes, i.e., 
near to the surface of the earth, mostly 
particles (or secondaries) of high energy 
are detected; the others are absorbed 
in their passage through the atmos- 
phere. At low latitudes, ie. in the 
vicinity of the equator, the behavior is 
somewhat different; cosmic-ray parti- 
cles of low energy are deflected by the 
earth’s magnetic field and only those 
of high energy can be detected regard- 
less of the altitude. Since the inten- 
sities of cosmic-ray particles of different 
energies are not always affected in the 
t is being made in 1967 to 
ered openings in the interior of some 


will indicate 
fess attenuated than in the 
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same way by the sun, the distinction 
must be kept in mind. Before consid- 
ering the cosmic-ray behavior, some- 
thing will be said about pertinent solar 
phenomena. 

19.39. The activity of the sun mani- 
fests itself in various ways, but only 
sunspots and solar flares are of im- 
mediate interest. Sunspots, which com- 
monly: form in groups, are dark areas 
that may persist for periods of several 
weeks. They are apparently associated 
with strong local magnetic fields. The 
total annual sunspot number exhibits 
a definite, although not completely reg- 
ular, variation from year to year. The 
number steadily increases to a maxi- 
mum and then decreases; after passing 
through a minimum it increases again, 
and so on. The average time between 
successive maxima (or minima) is a 
little over 11 years. Solar flares are 
regions of exceptional brightness; they 
develop suddenly, reaching a maxi- 
mum intensity in 5 to 10 minutes, 
after which the brightness decays over 
a period of a few hours. Flares of large 
magnitude (orimportance) are not very 
common; only a few per annum are 
observed even when the sun is active. 
At times of high solar activity, a large 
flare is often followed within a day or 
so by one or two more. There is a 
general, but not precise, correlation 
between the annual sunspot number 
and the frequency of flare formation. 

19.40. Since about 1951, there has 
been growing evidence that the sun 
emits at all times a plasma (§ 14.107) 
consisting mainly of hydrogen nuclei 
(protons) and their associated electrons. 
This plasma, which normally travels 
away from the sun at a velocity of 350 
to 700 kilometers (210 to 420 miles) 
per sec is called the solar wind. When 
the sun is active, particularly at the 
time of a flare, there is an increase in 
the velocity of the solar wind coming 
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from the region of the flare, Simul- 
taneously, positively charged particles, 
mostly protons together with a small 
proportion of helium nuclei and con- 
siderably lesser amounts of heavier nu- 
clei, are expelled with energies in the 
range of roughly 10 MeV to 20 or 
30 GeV. These particles are basically 
identical with those in the low-energy 
range of cosmic rays. Consequently, a 
distinction is made between solar cos- 
mic rays, which can be shown to come 
from the sun, and galactic cosmic rays, 
so called because most of them orig- 
inate outside the solar system but 
within the local galaxy, the Milky Way 
(§ 19.93). 

19.41. The average energy of the 
primary particles in solar cosmic rays 
is about 100 MeV, compared with 10 
GeV for the galactic cosmic rays. This 
marked difference in energy provides a 
basis for the detection of solar cosmic 
rays. As seen earlier, at or near sea 
level, high-energy (galactic) cosmic 
rays are detected mainly as muons. 
Most solar cosmic-ray protons, how- 
ever, do not have sufficient energy to 
produce pions (and ultimately muons) 
by interaction with atomic nuclei in 
the atmosphere. At low altitudes, the 
solar cosmic-ray particles are chiefly 
protons and neutrons of moderately 
high energy. These particles are ob- 
served by a device known as a neutron 
monitor. 

19.42. A neutron monitor consists of 
a number of slow-neutron detectors, 
surrounded by wood and paraffin in a 
lead box; the latter is enclosed in more 
wood and paraffin. The lead serves two 
purposes: it screens the detectors from 
interfering radiations and it produces 
neutrons when struck by cosmic-ray 
protons. The nuclei of low mass num- 
ber, e.g., hydrogen and carbon, in the 
wood and paraffin slow down the fast 
neutrons originating in the lead as well 
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as those formed by proton interactions 
in the atmosphere. A neutron monitor 
of this type responds most readily, 
` either directly or indirectly, to protons 
with energies of a few GeV, such as are 
present in both solar and galactic cos- 
mic rays. But if there is an increase in 
the reading, especially at the time of a 
solar flare, the additional intensity can 
be ascribed to solar cosmic rays. There 
may, of course, be a simultaneous 
change in the galactic cosmic rays; if 
80, it can be identified by a muon 
detector which responds only to these 
rays and not to those of solar origin. 

19.43. Solar cosmic-ray phenomena 
are complex, on the whole, but there 
are two relatively simple effects of fre- 
quent occurrence. In one, there is a 
sharp increase in intensity of the solar 
cosmic rays, i.e., of protons with en- 
ergies from about 1 to 30 GeV, within 
about 20 minutes to an hour or so after 
the commencement of some large flares. 
The protons do not have a uniform 
distribution in space, but they nearly 
all appear to come from one direction, 
that of the sun. Since it takes light 
about 8 minutes to travel from the sun 
to earth, these solar protons have ve- 
locities of roughly one tenth to four 
tenths that of light. It may be con- 

. cluded, therefore, that protons (and 
other nuclei) of fairly high energy are 
expelled from the sun, at the time of 
the observed solar flare, and that they 
travel more-or-less directly to earth. 
The particles will thus all appear to 
come from the same direction. 

19.44, Another type of solar cosmic- 
ray behavioris the arrival at the earth’s 
surface, some hours after an appropri- 
ate solar flare, of protons having a 
range of energies from a few GeV down- 
ward. Not only do these protons have 
somewhat lower energies, on the aver- 
age, than those referred to above, but 


* The curvature of the solar magnetic field lines in Fig. 19.5 is 
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they have a much more uniform spatial 
distribution. In some instances, cosmic- 
ray protons of this type follow the 
others which come directly from the 
sun. The delay in reaching earth, the 
lower energy, and the spatial distribu- 
tion of the solar protons can be ac- 
counted for by postulating that the 
charged particles are confined by a 
magnetic field originating in the sun 
(cf. § 14.130). A possible mechanism 
for this effect, having the merit of 
simplicity, is outlined below. 

19.45. When there is an appropriate 
disturbance on the sun, e.g., a partic- 
ular kind of solar flare, a quantity 
(or cloud) of plasma, consisting of 
charged particles of moderately low 
energy, e.g, à few thousand electron 
volts, is expelled from the disturbed 
region of the solar surface. The veloc- 
ity of this plasma is greater than that 
of the normal solar wind and so its 
emission is accompanied by a modifi- 
cation of the sun's magnetic field. The 
kinetic energy of the plasma cloud is, 
in fact, so large that as it leaves the 
sun it carries with it the magnetic 
field in its immediate area. Because of 
the high electrical conductivity of the 
plasma, the magnetic field remains 
within the plasma cloud and travels 
with it. There is consequently formed 
a protuberance or “tongue” of plasma 
with an imbedded magnetic field ex- 
tending out from the sun and moving 
away from it at à velocity of 1000 to 
2000 kilometers (600 to 1200 miles) 
per sec. If the location of the solar flare 
is such that the plasma tongue does 
not reach the vicinity of the earth, no 
cosmic-ray effects will be observed. It 
will be assumed, therefore, that the 
solar flare of interest is one, such as in 
Fig. 19.5, which expels plasma, with 
its trapped magnetic field, toward the 
earth.* 
due to the rotation of the sun. 
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19.46. If the solar cosmic-ray pro- 
tons are emitted before the plasma 
tongue forms or if they have sufficient 
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Fig. 19.5, Plasma tongue and trapped 
magnetic field extending from the region 
of a solar : 


energy to escape from the magnetic 
field, they will travel directly to earth. 
They will then be detected within less 
than an hour after commencement of a 
solar flare of the right kind, as de- 
scribed in § 19.43. On the other hand, 
many solar-flare protons of fairly high 
energy will be confined by the magnetic 
field in the plasma tongue. Such pro- 
tons cannot reach the earth before the 
plasma, which requires at least 20 
hours. During this time, the protons 
will be reflected back and forth by the 
Magnetic field trapped within the 
plasma. This repeated reflection will 
tend to decrease the energy of the 
protons, and, in addition, it will in- 
crease the randomness of their motion. 
It is thus possible to account for the 
delay in arrival of the protons after 
the occurrence of the solar flare, their 
lower energy, and the approximate uni- 
formity of distribution in space, in 
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the solar cosmic-ray effect mentioned 
in § 19.44. 

19.47, The plasma tongue can be 
invoked to explain a cosmic-ray phe- 
nomenon of a different type. In 1937, 
S. E. Forbush in the United States 
reported a marked decrease in intensity 
of cosmic rays about a day after the 
appearance of some solar flares; the 
decrease, known as the Forbush effect, 
is observed at both high and low alti- 
tudes and geomagnetic latitudes. This 
means that protons (and other nuclei) 
of all energies, high and low, i.e., the 
galactic cosmic-ray particles, are af- 
fected. At one time it was thought 
that a change in earth’s magnetic field, 
which is observed at the same time as 
the Forbush effect, was responsible. 
Information obtained from the space- 
craft Pioneer V showed, however, that 
such was not the case. 

19.48. About 20 hours after the oc- 
currence of a fairly large solar flare on 
March 30, 1960, instruments on Pio- 
neer V, which was then about 5 million 
kilometers (3.2 million miles) from the 
earth, exhibited a marked (Forbush) 
decrease in the cosmic-ray intensity. 
About 45 min later, a smaller Forbush 
decrease was recorded on the earth, 
accompanied by the usual changes in 
the terrestrial magnetic field. Obvi- 
ously, these changes could not have 
caused the decrease in cosmic-ray in- 
tensity detected earlier on the space- 
craft. 

19.49. A more reasonable interpreta- 
tion of the Forbush decrease is that, 
since electrically charged particles re- 
quire considerable energy to cross mag- 
netic field lines, many primary (ga- 
lactic) cosmic-ray protons, etc., are 
deflected by the magnetic field trapped 
in the plasma tongue extending from 
the region of a solar flare (cf. Fig. 19.5). 
Thus, the earth is protected to some — 
extent from cosmic-ray particles; only — 
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those of the highest energies are able 
to penetrate the field lines and reach 
the earth. Some confirmation of this 
view is provided by other data from 
Pioneer V. At the same time as the 
Forbush decrease occurred, a plasma 
cloud, evidently coming from the sun, 
passed by at a velocity of about 2000 
kilometers (1200 miles) per sec. Fur- 
thermore, there was simultaneously a 
very sharp increase in the strength of 
the interplanetary magnetic field which 
is known to originate in the sun. The 
plasma cloud would have taken about 
20 hours, at the observed velocity, to 
travel from the sun to the spacecraft; 
this was just the time after the occur- 
rence of the flare that the Forbush 
decrease and the increase in the mag- 
netic field were apparent. The results 
are thus consistent with the theory 
that deflection of cosmic-ray protons 
by a magnetic field, trapped by solar 
plasma, is responsible for the Forbush 
effect. 

19.50. Somewhat related to the For- 
bush decrease is the definite inverse 
relationship between the cosmic radia- 
tion and the activity of the sun, as 
indicated by the annual sunspot num- 
ber. There is an 11-year cycle in the 
cosmic-ray intensity, but the maxima 
correspond to the sunspot minima, and 
vice versa. The intensity changes are 
fairly small in the cosmie-ray particles 
of high energy, but they are quite 
large in the over-all intensity, Conse- 
quently, it is mainly the protons of 
lower energy that are affected by the 
sun’s activity. In addition to the 11- 
year cycle, minor variations in the 
cosmic-ray intensity have been ob- 
served with periods of one day and 
27 days. These periods represent the 
times of rotation of the earth and the 
sun, respectively. The phenomena 
could be accounted for by changes in 
the solar magnetic field in the vicinity 
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of earth, as with the Forbush effect, 
or by corresponding changes which are 
known to take place in the terrestrial 
magnetic field. In any event, it is the 
activity of the sun which is ultimately 
responsible for the observed effects. 


COMPOSITION OF PRIMARY 
Cosmic Rays 


19.51. The first evidence for the ex- 
istence of any charged particles other 
than protons in the primary cosmic 
rays was obtained in 1948. In that 
year P. Freier, E. J. Lofgren, E. P. 
Ney, F. F. Oppenheimer, H. L. Bradt, 
and B. Peters in the United States ob- 
served a number of very heavy tracks 
in cloud chambers and in photographic 
emulsions. These tracks were produced 
in free balloon flights at altitudes up 
to 94,000 feet and were undoubtedly 
due to relatively heavy nuclei with 
atomic numbers ranging from 11 to 41. 
Subsequently, tracks produced by he- 
lium, lithium, beryllium, and other ions 
with atomic numbers up to 50 or more 
have been identified. A rough indica- 
tion of the composition of the primary 
galactic cosmic rays as derived from 
such observations is given in the ac- 
companying table. It is seen that pro- 


: COMPOSITION OF PRIMARY 
Garacric Cosmic Rays 


Relative 
Atomic Number 
Nuclei Numbers of Nuclei 
drogen 1 1000 
ps 2 05 
Low mass 3105 1.5 
Medium mass 6 to 9 4 
Medium high mass 10 to 19 1.8 
High mass 20 or more 0.7 


tons (hydrogen nuclei) are the main 
component, constituting over 93 per- 
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cent of the primary galactic cosmic- 
ray particles; helium nuclei are the 
next most abundant at roughtly 6 per- 
cent of the total. It is of interest that 
hydrogen and helium are known from 
spectroscopic studies to be the most 
abundant elements in the universe. In 
addition to the positively charged (nu- 
clear) particles, cosmic rays contain a 
few percent of primary negative elec- 
trons, and a smaller number of positive 
electrons. 

19.52. The composition of the pri- 
mary cosmic rays given in the table 
refers to particles originating from out- 
side the solar system. In solar cosmic 
rays, the ratio of helium to hydrogen 
nuclei is, on the average, very roughly 
similar to that in the galactic rays, 
but the proportion of the heavier ele- 
ments is considerably less. The over-all 
composition of solar cosmic rays is not 
greatly different from that of the sun 
and, in fact, to the average compo- 
sition of the universe as a whole. 
Consequently, the abundance of the 
heavier elements in galactic cosmic 
rays is significantly larger than in the 
great majority of stars. This fact has 
an important bearing on the question 
of the origin of cosmic rays (§ 19.93). 

19.53. In addition to charged parti- 
cles, there is evidence of photons in 
cosmic rays with energies in a range 
reported to be from 10‘ to more than 
10% eV. Some of these, especially in 
the low-energy region, originate in the 
sun, but the majority of the cosmic 

gamma (or X-) rays appear to come 
from discrete sources in the sky, e.g., 
the Crab nebula which is the remains 
of a supernova ($19.95). The total 
number of primary photons in cosmic 
rays is so small that their effect is 
insignificant in comparison with that 
of the nuclei present. 
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Neutrinos IN Cosmic Rays 


19.54. Cosmic rays may be expected 
to contain neutrinos from various 
sources, but because of the great re- 
luctance of these particles to interact, 
with matter in any form (cf. § 8.61) 
they are very difficult to detect.* Two 
sources are of special interest, how- 
ever, since there is a definite possibility 
that the neutrinos produced can be ob- 
served; these sources are nuclear reac- 
tions in the sun and the decay of pions 
and muons in the atmosphere, formed 
in the manner described in § 19.32 
et seg. Neutrinos undoubtedly come 
from stars other than the sun, and 
from pion and muon decay in space 
beyond the atmosphere, but the in- 
tensities (fluxes) appear to be too small 
for detection on the earth to be pos- 
sible. In recent years, a number of 
experiments have been initiated for the 
purpose of observing both solar and 
atmospheric neutrinos, and the basic 
principles of some of these will be 
described. 

19.55. Several of the nuclear reac- 
tions taking place in the sun are un- 
doubtedly accompanied by the emission 
of neutrinos, but in only one instance 
do these particles have sufficient en- 
ergy to permit their detection. The 
cross section (§ 10.98) for the inter- 
action of neutrinos with nucleons is 
extremely small, but it does increase 
in proportion to the square of the en- 
ergy. Hence, it should be much easier 
to observe neutrinos of high energy 
than those of lower energy. The solar 
reaction that is expected to produce 
the most energetic neutrinos is the 
radioactive decay of boron-8, which 
emits a positive beta particle (positron) 
plus a neutrino with energy up to 
14 MeV. 

19.56. The method of detection, de- 


* The term neutrinos as used in this section includes antineutrinos. 
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veloped by R. Davis (§8.70) since 
1957, is based on the reaction of a 
neutrino with chlorine-37 to produce 
radioactive argon-37 (half-life 35 days). 
The chlorine is present in liquid tetra- 
chloroethylene (CCl), commonly re- 
ferred to as perchloroethylene, and the 
argon gas that might be formed is 
removed by scrubbing with helium gas. 
The argon is then separated from the 
helium carrier and adsorbed on char- 
coal cooled in liquid nitrogen; upon 
warming, the radioactive argon gas is 
released and its activity determined 
in a small counter, In order to elim- 
inate possible interference by muons 
in cosmic rays, the experiment is car- 
ried out deep underground where the 
muons are attenuated but the neutrinos 
are not. 

19.57. A pilot experiment, using 
about 3800 liters (1000 U.S. gallons) 
of perchloroethylene, was set up in & 
limestone mine at a depth of 700 meters 
(2300 feet), near Barberton, Ohio. As 
the result of the experience gained, a 
full-scale installation, with some 380,000 
liters (100,000 U. S. gallons) of perchlo- 
roethylene, in a tank 14.6 meters (48 
feet) long and 6.1 meters (20 feet) 
diameter, was completed in 1966 in the 
Homestake Gold Mine, Lead, South 
Dakota, at a depth of nearly 1500 
meters (4900 feet). According to caleu- 
lations, from two to eight: neutrinos 
should be captured daily; if this is the 
case, it should be possible to determine 
the neutrino flux within an accuracy of 
about 10 percent. Apart from the gen- 
eral interest of the experiment, the re- 
sults should provide information about 
the temperature of the center of the 
sun where the neutrinos originate. 

19.58, Another approach to thestudy 
of solar neutrinos is being tested by 
F. Reines (§ 8.62) and his associates 
at the Case Institute of Technology 
and the University of Witwatersrand, 
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South Africa; it utilizes the reaction 
between a neutrino and a neutron (in 
lithium-7) to yield a proton (in beryl- 
lium-7) plus a negative electron; thus, 


ZLi + neutrino — {Be + fe. 


In the experiment, five horizontal slabs 
of lithium, each weighing some 750 
kilograms (1650 pounds), are sur- 
rounded by 7600 liters (2000 U.S. 
gallons) of a liquid scintillator, located 
in a salt mine about 595 meters (1950 
feet) below the surface near Cleveland, 
Ohio. If a neutrino reacts with a lith- 
ium-7 nucleus, the electron produced 
will be detected in the scintillator. This 
procedure for detecting solar neutrinos 
is expected to have an advantage over 
the one described above. From the in- 
tensity of each scintillation it will be 
possible to estimate the energy of the 
electron and, consequently, of the neu- 
trino causing the particular event. In 
this way, the energy spectrum of the 
solar neutrinos may perhaps be deter- 
mined. 

19.59. The energy spectrum is also 
being investigated by the Case-Wit- 
watersrand group in another way. When 
a neutrino strikes an orbital electron 
of an atom, the electron is expelled 
with a certain amount of energy de- 
termined by the energy of the incident 
neutrino, Consequently, if the energy 
of the struck electron is determined, 
e.g. by means of a liquid scintillator, 
the energy of the neutrino can be cal- 
culated. This concept is being tested 
in an experimental arrangement con- 
sisting of 3800 liters (1000 U.S. gal- 
lons) of a liquid scintillator which is’ 
viewed by 70 photomultiplier tubes. 
The apparatus is installed in the East 
Rand Proprietary Mines, near Johan- 
nesburg, South Africa, at a depth of 
nearly 3200 meters (10,492 feet). A 
further development in prospect would 
be to observe the direction of motion 
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of the struck electron, possibly by uti- 
lizing the Cherenkov radiation it could 
generate. From this direction, the in- 
cident direction of the neutrino could 
be inferred. Such a system would 
thus constitute a neutrino telescope. 
19.60. Attention must now be turned 
to the detection of the neutrinos pro- 
duced by pion and muon decay in the 
atmosphere. The decay of a positive 
(or negative) pion or of a negative (or 
positive) muon is accompanied by a 
neutrino, called a muon-neutrino (or 
-antineutrino), which interacts in a 
somewhat different manner than the 
neutrinos accompanying radioactive 
beta-decay (§ 20.67).* The muon- 
neutrinos (or -antineutrinos) can be de- 
tected by making use of the fact that 
such a particle can interact, although 
with an extremely small cross section, 
with an atomic nucleus and produce 
a muon. Since the muon is charged, it 
can be observed in the conventional 
manner with a scintillation detector. 
19.61. A difficulty in the foregoing 
procedure is that it does not distinguish 
between muons generated from muon- 
neutrinos and those normally present 
in cosmic rays. Two steps are taken 
to make this distinction possible. First, 
the experiment is performed deep 
underground where the number of cos- 
mic-ray (or background) muons is de- 
creased. Second, the detectors are 
arranged in such a way that they ob- 
serve only those muons that come from 
a certain direction (or limited range of 
directions), The reason for doing this 
is that the background muons will 
` come mainly from directly overhead, 
whereas the muons produced by inter- 
action of the muon-neutrinos with 
atomic nuclei in the earth can arrive 
at any angle. The system of detectors 
is consequently designed so that it will 
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discriminate between the muons arriy- 
ing from above and those coming from 
other directions (Fig. 19.6). It is thus 
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NEUTRINO 
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(END ON) 
Fro. 19.6. Preferential detection of muons 
arriving from approximately horizontal 
ctions, 


possible to distinguish between muons 
produced by atmospheric (muon-) neu- 
trinos and those from the cosmic-ray 
background. 

19.62. At least three detector instal- 
lations designed for the observation of 
atmospheric neutrinos are in operation. 
The largest and most sensitive is the 
Case-Witwatersrand system in the 
East Rand Proprietary Mines (§ 19.59). 
It consists of 16,700 liters (4400 U.S. 
gallons) of liquid scintillator contained 
in 36 boxes, each 5.5 meters (18 feet) 
long, arranged in two parallel rows, six 
boxes in length and three high. Photo- 
multiplier tubes in the ends of the 
boxes permit determination of the loca- 
tion at which the charged particle, 
presumably a muon, entered. The total 
exposed area of the detector is 165 
Square meters (1780 sq ft). With this 
array, which is regarded as no more 
than a pilot model, several atmos- 
pherie neutrinos have been recorded 
since 1965. Preparations were being 
made in 1967 for an even larger system, 


* These electron-neutrinos are also produced by muon decay, but the (and solar neutrinos) 
E x y Y, Y. 


will not be detected by the technique 
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and with improved directional resolu- 
tion, i.e., greater accuracy in specifying 
the direction of the entering neutrino. 

19.63. Another liquid scintillator 
system, considerably smaller in area 
and hence less sensitive than the orig- 
inal Case-Witwatersrand detector but 
with better directional resolution, has 
been installed in a deep mine in the 
Kolar Gold Fields in India by a group 
from the University of Durham, Eng- 
land, the Tata Institute in India, and 
Osaka University, Japan. 

19.64. A different approach is being 
taken by J. W. Keuffel and his collab- 
orators at the University of Utah. In 
1966 they completed an arrangement 
of Cherenkov (§ 19.12) and spark 
(§ 7.120) counters having exceptionally 
precise directional properties. There 
are four Cherenkov counters in the 
form of tanks, 10 meters (33 feet) long, 
6 meters (20 feet) high, and 1 meter 
(3.3 feet) wide, filled with water and 
arranged side by side, lengthwise, in 
two pairs. The vertical walls of the 
tanks are lined inside with light collec- 
tors which gather the Cherenkov radia- 
tion produced by the passage of muons 
traveling in an ‘approximately hori- 
zontal direction. Outside the walls of 
the tanks are horizontal gas-filled 
tubes, 15 cm (6 inches) in diameter and 
10 meters (33 feet) long, each with a 
very thin wire along its axis; these 
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serve as spark counters. The light from 
the Cherenkov radiation collectors 
triggers a corona spike discharge at a 
corresponding point on the wire of 
the spark counter and the position is 
determined acoustically by means of 
microphones inside the tubes (ef. 
§ 7.133). 

19.65. From the locations of the 
sparks on opposite sides of each tank, 
the initial direction of motion of the 
muon can be determined with con- 
siderable accuracy, In addition, it 
should be possible, by means of a mag- 
netic field, to estimate the energy of 
the muon within the range of about 2 
to 100 GeV. The field is applied to the 
two interior tanks by magnetized iron 
plates between the tanks in each pair. 
From the curvature of the muon path, 
its energy may be calculated. Because 
of the excellent directional properties 
of the system, which favors muons 
coming from below, rather than above, 
the horizon, it should be possible to 
distinguish readily the muons produced 
in the surrounding rock by atmospheric 
neutrinos from those in the cosmic-ray 
background. Consequently, it was felt 
that it would not be necessary to in- 
stall the system at great depths, and it 
is consequently located in a mine some 
600 meters (2000 feet) below the sur- 
face near Park City, Utah. 


COSMIC-RAY PHENOMENA 


CASCADE SHOWERS 


19.66. In 1929, shortly after he had 
adapted the cloud chamber to the 
Study of cosmic rays (§ 19.9), D. Sko- 
belzyn noted that sets of associated 
tracks were often obtained indicating 
the passage of particles in groups. Sub- 
Sequently a variety of similar effects 
Were observed with both cloud cham- 


bers and G-M counters. Any grouping 
of (secondary) cosmic-ray particles is 
referred to as a shower, following the 
suggestion of P. M. S. Blackett and 
G. P. S. Occhialini in 1933. Several 
types of showers, some of them of great 
complexity, have been studied, but 
only those which appear to be reason- 
ably well understood will be deseribed. 
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19.67. Showers are readily observed 
in a multiplate cloud chamber with 
metal plates (§ 19.9); a cosmic-ray 
particle entering the chamber may 
then initiate a shower which is seen to 
originate in one of the plates. An illus- 
tration of a simple type of shower is to 
be found in Fig. 2.7, which was used in 
$2.70 to depict the formation of elec- 
tron-positron pairs. Much more strik- 
ing, however, is the cascade shower 
shown in Fig. 19.7. A cascade can be 


Fra. 19.7. Cascade shower produced by 
cosmic rays in a cloud chamber containing 
lead plates. (Courtesy of W. B. Fretter) 


initiated by a single particle, usually 
an electron or a photon, of sufficiently 
high energy. If a photon is responsible 
for starting the cascade shower, the 
cloud-chamber track will be faint or 
even invisible. Once the shower is ini- 
tiated the number of particle tracks is 
seen to increase very rapidly in the 
first few plates and then to decrease 
in subsequent plates until the shower 
is terminated. 

19:68. Cascade showers in cloud 
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chambers are almost invariably stopped 
before passing through metal plates 
with a total thickness (mass per unit 
area) equivalent to 10 em of lead; this 
indicates that the track-forming par- 
ticles are related to the soft component 
of cosmic rays. The particles are thus 
mostly positive and negative electrons 
and photons. This is in harmony with 
the interpretation of cascade showers 
first suggested by the French physicist 
P. Auger in 1935, and developed quan- 
titatively in 1937 by J. F. Carlson and 
J. R. Oppenheimer in the United States 
and by H. J. Bhabha and W. Heitler 
who were then in Eire. According to 
this theory, the initiating particle is a 
photon or electron (positive or nega- 
tive) of high energy, often many giga 
(billion) electron volts. The multipli- 
cation to yield the cascade containing 
many millions of secondary particles 
then takes place in the following 
manner. 

19.69. If the initiating particle is an 
energetic photon, it will be converted 
into an electron-positron pair in the 
first metal plate, with each particle 
carrying half of the large amount of 
available energy, i.e., the energy of the 
photon minus 1.02 MeV required to 
form the electron-positron pair (§ 3.85). 
Should the initial particle be an elec- 
tron of either sign, it will generate 
bremsstrahlung when it strikes a metal 
plate. The photons of these radiations 
will then be converted into positron- 
electron pairs, just as if the originating 
particle were a photon. One photon or 
one electron entering the first plate 
will thus produce at least two second- 
ary electrons. These secondary parti- 
cles will, in turn, emit bremsstrahlung 
photons which will form more electron- 
positron pairs, and so on. There is thus 
a very rapid increase in the number of 
electrons (positive and negative) as the 
result of the entry of a single photon 
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or electron into the cloud chamber. 
By the time the electrons (and pho- 
tons) emerge from the first metal plate, 

' there may be many hundreds or even 
thousands. A large number of tracks 
are consequently observed between the 
first and second plates. In the second 
plate, the less energetie particles are 
absorbed, but there are still many of 
sufficient energy to cause further mul- 
tiplication in the manner just de- 
scribed. 

19.70. Although the number of par- 
ticles increases in successive plates, at 
least in the early stages of the cascade 
process, their total energy decreases. 
Some of the energy remains in the 
plates, partly as the result of complete 
absorption of electrons and photons, 
and partly due to the Compton effect 
(§3.36) in which photon energy is 
transferred to orbital electrons of the 
atoms present in the metal. The re- 
mainder is distributed among the par- 
ticles remaining in the shower. Passage 
through each successive plate is there- 
fore accompanied by a decrease in 
average energy per particle. The prob- 

ability of absorption consequently 

tends to inerease whereas the degree 
of multiplication decreases. Hence, 
after passing through the first few 
plates, the number of particles emerg- 
ing and thus the number of cloud 
tracks, decreases steadily. Eventually, 
after passing through several plates, 
the number depending on their effec- 
tive thickness and on the energy of the 
initiating particle, the individual pho- 
ton and electron energies will have 
decreased to such an extent that the 
particles are completely absorbed. The 
cascade is then terminated. From the 
total number of tracks produced in the 
cloud chamber, it is possible to esti- 
mate the energy of the initiating 
particle. 

19.71. Interesting results have been 
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obtained from investigations of cosmic 
rays by means of G-M tubes arranged 
in a coincidence circuit. Suppose three 
such tubes, for example, are placed in 
one plane below a lead (or other metal) 
plate; a count will be recorded only if 
ionizing particles pass simultaneously 
through the three tubes. This is likely 
to occur only if a shower has been 
initiated in the plate. If the thickness 
of the metal plate is increased and the 
number of coincidences, representing 
the number of showers, in a given time 
is recorded for each thickness, there is 
obtained a characteristic curve known 
as Rossi curve, named for B. Rossi 
(§ 19.19) who first plotted such a curve 
in 1932. Thé number of showers always 
increases at first with increasing thick- 
ness of the metal, until a maximum is 
reached at a thickness equivalent to 
about 2 cm of lead; the shower fre- 
quency then commences to diminish 
until-a thickness equivalent of 10 cm 
of lead is attained, after which the de- 
crease is very gradual (Fig. 19.8). 


NUMBER OF SHOWERS 


4 LI e 10 


THICKNESS OF LEAD (cm) 
Fic. 19.8. Number of cosmic-ray showers 
observed under lead plates of various thick- 
nesses (Rossi curve). 


19.72. The characteristic shape of 
the Rossi curve has been interpreted as 
follows. The initial increase in shower 
formation with the thickness of the 
metal plate is due to the multiplication 
process, analogous to that for the first 
two or three plates in a cascade shower 
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observed in a cloud chamber. When 
the thickness of the lead equivalent 
exceeds about 2 cm, the loss of energy, 
accompanied by absorption of the sec- 
ondary particles, tends to reduce the 
number of particles which can pass 
through the plate and excite the coin- 
cidence circuit. Thus the number of 
counts decreases until a thickness of 
10 cm of lead equivalent is attained. 
‘As seen above, this amount of lead 
will remove the soft component of the 
cosmic radiation, and hence the show- 
ers observed for greater thicknesses 
must be caused by highly penetrating 
particles. The latter are undoubtedly 
energetic muons which can pass 
through more than 10 cm of lead. Elec- 
trons of sufficient energy produced by 
the decay of such muons may generate 
showers which will be detected by the 
G-M coincidence circuit. Since the 
muons are not readily absorbed even 
in lead, the number of showers de- 
creases slowly for lead thicknesses in 
excess of about 8 or 10 cm. 


EXTENSIVE Air SHOWERS 


19.73. In the work described above, 
cosmic-ray showers were produced 
deliberately, and in a limited space, 
by the use of plates of a heavy element, 
which provided the required conditions 
for generating bremsstrahlung from 
electrons, followed by the formation of 
electron-positron pairs from the result- 
ing photons. Similar processes occur in 
the atmosphere in nature, except that 
the smaller density of the medium, 
through which the cosmic-ray parti- 
cles pass, results in a considerable in- 
crease of the distance in which a cas- 
cade shower occurs. Moreover, there is 
a corresponding spread.in the area 
covered. 

19.74. In studying these atmos- 
pheric showers, P. Auger arranged a 
number of G-M counters for the detec- 
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tion of coincidences; with the counters 
a few centimeters or decimeters apart, 
about one shower per minute could be 
detected, on the average, near sea level. 
‘As the distance between the counters 
was increased, Auger and his associates 
found in 1938 that the number of coin- 
cidences decreased sharply, but did not 
drop to zero. By carrying out experi- 
ments at mountain altitudes, Auger 
recorded a coincidence rate of one per 
hour when the counters were about 
1000 feet apart. Such cosmic-ray show- 
ers, which cover a large area at the 
earth’s surface, are called extensive aur 
showers or Auger showers. 

19.75. Since about 1946, many stud- 
ies of the extensive air showers have 
been made in several countries in both 
eastern and western hemispheres. The 
scientific significance of this work. is 
that it provides the only means for 
determining the energy distribution 
of primary cosmic-ray particles of the 
highest energies. Calculations indicate 
that the minimum primary energy Ie- 
quired to produce an observable shower 
near sea level is approximately 10* eV; 
hence, air showers give information 
concerning the numbers of primary 
particles with energies exceeding about ` 
10% eV (cf. § 19.25). On the average, 
about 2 X 10° eV of energy are ex- 
pended in forming a secondary particle 
detected in the vicinity of the earth’s 
surface; consequently, by determining 
the number of such particles in an ex- 
tensive air shower the energy of the 
primary can be calculated. 

19.76. The total number of second- - 
ary particles in a shower and the area 
they cover are directly related to the 
energy of the primary particle. Hence, 
in order to study the distribution © 
primaries of higher and higher energies 
it has been necessary to spread the 
counters (or other detectors) oyer 
larger and larger areas. In the mid- 
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1960s, a detector array in the United 
States, in New Mexico at an altitude 
of 1700 meters (5500 feet), covered an 
approximately circular area with a 
diameter of 3.6 kilometers (214 miles). 
To produce an air shower of this size 
requires a primary cosmic-ray particle 
with energy approaching 10?" eV.* 
Such showers, which contain about 
30 billion (3 X 101?) particles, are rare; 
at a given location, they may be ob- 
served at the rate of one or two a year. 
Less extensive air showers, initiated 
by primary particles of lower energy, 
occur, of course, more frequently; this 
is indieated by the lower part of the 
curve in Fig. 19.3. 

19.77. The number of particles fall- 
ing on a unit area of detector is rela- 
tively small at the boundaries of the 
very extensive showers; consequently, 
the G-M counters used in the earlier 
work have been replaced by scintillator 
detector disks and Cherenkov counters 
of large area (§ 19.19). The sensitivity 
for particle detection is thereby in- 
creased. The shower particles arrive 
almost simultaneously at a given de- 
tector and hence the light pulses pro- 
duced by the individual particles com- 
bine to yield a single pulse. The magni- 
tude of this pulse is then a measure of 
the number of particles falling on that 
detector. By combining the informa- 
tion from all the detectors spread over 
a large area, the total number of shower 
Particles, and hence the primary en- 
ergy, can be computed. 

19.78, Observations from the indi- 
vidual detectors in an array have 
shown that the particle density is large 
near the center of the shower but falls 
off rapidly with distance from the cen- 
ter. This has led to the view that ex- 
tensive air showers consist of a central 
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region (or core), which is perhaps a 
few meters (yards) in diameter near 
sea level, surrounded by a somewhat 
diffuse disk wherein the particle den- 
sity decreases rapidly, in the outward 
direction. The diameter of the disk, 
which is the diameter of the shower, 
depends, of course, on the energy of 
the primary particle. The thickness, 
i.e., the dimension in the direction of 
motion, of the disk (and core) is sur- 
prisingly small; measurements indi- 
cate that it is only about 2 or 3 meters 
(6 to 10 feet). This disk moves in the 
direction of the earth at a velocity 
approaching that of light. 

19.79. The following mechanism has 
been proposed for the formation, of an 
extensive air shower. When a high- 
energy, primary cosmic-ray particle, 
usually a proton, enters the atmos- 
phere it interacts with an atomic nu- 
cleus (of oxygen or nitrogen) and pro- 
duces various secondary particles, 
including neutrons, protons, and pions, 
These particles still have high energies 
and continue to travel through the 
atmosphere undergoing further nuclear 
reactions, in which other particles of 
the same type are generated. Such 
particles are initially present in the 
core of the shower. In addition to 
charged pions, the nuclear interactions 
result in the formation of neutral pions 
which decay almost instantaneously 
into photons (§ 19.33). 

19.80. The photons produce elec- 
tron-positron pairs, in the usual man- 
ner, and subsequently particle multi- 
plication occurs, as described earlier. 
These particles are mostly formed in 
the core of the shower, but they spread 
outward as a result of scattering colli- 
sions with nuclei in the atmosphere to 
form the disk. Furthermore, some of 


* There is no reason to believe that 10” eV is a maximum. An array of liquid scintillators 
covering an AA With s diameter of about 9 kilometers (514 miles) is being set up in Australia 


to detect; the very rare showers of higher 


energy. 
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the charged pions decay into muons; 
the latter are thus present in the core 
of the shower. Decay of the muons 
produces electrons which, by multipli- 
cation and scattering, add to the par- 
ticles in the disk. By the time the par- 
ticles reach the vicinity of the earth’s 
surface, so many collisions will have 
occurred that the disk covers a large 
area, As is to be expected, however, the 
particle density becomes smaller and 
smaller as the distance from the core 
increases. 


PENETRATING SHOWERS 


19.81. In 1937, L. Fussell in the 
United States obtained a multiplate 
cloud-chamber photograph showing 
tracks of a group of particles penetrat- 
ing several lead plates without devia- 
tion or multiplication. Some three 
years later, H. Janossy and his asso- 
ciates in Hire, using several coincidence 
arrangements like the one described 
in § 19.71, but with very thick (up to 
50 cm) layers of lead between the sets 
of counters, observed the formation of 
groups of a few highly penetrating par- 
ticles. These groups are referred to as 
penetrating showers. From their ability 
to penetrate considerable thicknesses 
of lead, it appears that the particles 
constituting these showers must be 
muons. They presumably arise from 
charged pions which are produced by 
interaction with a lead nucleus of either 
a primary proton (or other particle) 
or a secondary proton, neutron, or 
a charged pion. 


Cosmic-Ray “Stars” 


19,82. During 1936, and even be- 
fore, several investigators of cosmic 
rays reported cloud-chamber photo- 
graphs showing several tracks meeting 
at a point, somewhat like a star in 
shape. In the following year similar 
cosmic-ray stars were detected in photo- 
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graphic emulsions, by (Frl.) M. Blau 
and H. Wambacher in Austria, and 
this technique has proved very con- 
venient for the study of the phenom- 
enon, There is no doubt that stars are 
due to nuclear disintegrations or ex- 
plosions in which several strongly 
ionizing (and nonionizing) particles are 
emitted (Fig. 19.9). The nuclei which 


Fi. 19.9. A cosmic-ray star in a photo- 
gps emulsion. (From C. F. Powell, 
. H. Fowler, and D. H. Perkins, The 
Study of Elementary Particles by the Photo- 
graphic Method, Pergamon Press, Inc.) 


produce stars in an emulsion may be 
those of silver or bromine from the 
silver bromide, or of carbon or nitrogen 
from the film material. Since stars have ~ 
also been observed in cloud chambers, 
they must also occur in air; the dis- | 
integrating nuclei are then those of oxy- 
gen and nitrogen in the atmosphere. 

19.83. A study of the tracks in coe | 
mic-ray stars suggests that they are : 
probably initiated by interaction of & 
high-energy proton, neutron, or pion - 
with an atomic nucleus. The chari 
particles ejected are mainly protons < 
and pions; there are also a small pro - 
portion of alpha particles (helium nu- — 
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clei) and occasionally nuclei of slightly 
heavier elements (§ 19.85). In addition, 
it is probable that nonionizing neutrons 
and neutral pions are also produced in 
these nuclear disintegrations. Thus, 
the star-forming process is identical 
with the interaction which was postu- 
lated earlier as taking place between the 
primary cosmic-ray particles (and with 
Some proton, neutron, and charged- 
pion secondaries) in the upper levels 
of the atmosphere (8 19.32). The num- 
ber of prongs to a star, indicating the 
number of ionizing particles produced 
in the disintegration, usually ranges 
from two to ten. The higher the energy 
of the initiating particle the larger the 
expected number of prongs.* 

19.84. The average number of prongs 
to a cosmic-ray star is three or four, 
but there is some increase with alti- 
tude, presumably because of the higher 
energy of the particles causing the 
disintegrations. The frequency of the 
occurrence of stars also increases 
markedly with altitude; the reason is 
evidently that there are more protons, 
neutrons, and charged pions of suffi- 
cient energy available to interact with 
nuclei in the atmosphere (or in a 
photographie emulsion). 

19.85. One of the interesting effects 
associated with stars is the formation 
of what are called hammer tracks, in 
which a prong representing an ejected 
particle has a “head,” resembling that 
of a hammer, These were described by 
C. Franzinetti and R. M. Payne in 
England in 1948. The hammer tracks 
are attributed to the expulsion of a 
lithium-8 nucleus, which is radioactive, 
undergoing beta decay, with a half-life 
of less than 1 sec, to form beryllium-8; 
this nueleus is extremely unstable and 
so it splits instantaneously into two 


* As many as 50 prongs have 


been observ 
probably result from the interaction ofa fairly heavy cosmic-ray primary 


or a bromine nucleus in the photographic emi 
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alpha particles. The latter are expelled 
in opposite directions, at right angles 
to the track of the lithium-8 particle, 
thus producing a hammerlike track. 


Tue Eartu’s RADIATION BELT 


19.86. The discovery of a belt of 
electrically charged particles surround- 
ing the earth was made as a result of 
cosmic-ray studies. The first U. 8. 
satellite, called Explorer I, placed in 
earth orbit on January 31, 1958, car- 
ried on it a Geiger counter for the 
study of cosmic-ray intensities at high 
altitudes, The data, received by telem- 
etry, indicated that the intensity’ at 
first increased with altitude, as ex- 
pected, but at distances of over 700, 
kilometers (450 miles) or so from the 
earth the particle count dropped very 
sharply. This effect was traced to the 
inability of the G-M tube to count 
individual particles when they enter at 
a high rate (cf. § 7.32). Thus, far from 
being very low, the particle intensity 
above about 800 kilometers from the 
earth was actually very large. 

19.87. The data from Explorer I and 
from Explorer III, launched on Mareh 
20, 1958, led J. A. Van Allen to suggest 
that the earth was surrounded at an 
altitude above 650 to 800 kilometers 
(400 to 500 miles) by a toroidal, ie, 
doughnut shaped, belt of charged par- 
ticles of high energy. Later measure- 
ments showed that the Van Allen belt, 
asitis now called, extends to a distance 
of roughly 65,000 kilometers (40,000 
miles), and that it contains two zones. 
The inner zone, which has a peak 
intensity at a distance of about 5000 
kilometers (3000 miles) from the 
earth’s surface, is characterized by the 
presence of high-energy (more than 30 
MeV) protons; the outer zone, con- 


ed in cosmic-ray stars in Photographie films; they 
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taining electrons of somewhat lower 
energy, attains a maximum intensity 
roughly 16,000 kilometers (10,000 
miles) from the earth. 

19.88. The fact that the terrestrial 
magnetic field can confine (and trap) 
charged particles is not surprising; 
since the field is stronger near to earth’s 
surface than it is farther out, it be- 
haves like a giant magnetic mirror 
system (cf. § 14.151 footnote). Protons 
and electrons that enter the magnetic 
field thus spiral along the field lines 
and are repeatedly reflected at the 
mirror points near the surface. Escape 
from the mirror system occurs mainly 
as a result of collisions between the 
charged particles and atomic nuclei in 
the earth’s atmosphere. The surprising 
aspect of the Van Allen belt is that the 
energy of the trapped protons and 
electrons is unexpectedly high. 

19.89. The origin of the energetic 
particles is not definitely known. The 
flux of high-energy protons in the inner 
zone is relatively steady, but the ener- 
getic electron flux in the outer zone has 
been known to change as much as a 
thousandfold after a solar flare. It is 
reasonably certain, therefore, that the 
particles in the two zones come from 
different sources. Although it is not 
universally accepted, the most satis- 
factory theory ascribes the origin of the 
protons in the inner-zone indirectly to 
galactic and solar cosmic rays. Many 
of the protons (and other nuclei) in 
the primary rays have sufficient energy 
to penetrate the terrestrial magnetic 
field and reach the atmosphere where 
they interact with atomic nuclei. 
Among the products of such inter- 
actions are neutrons, covering a wide 
range of energies. 

19,90. Since the neutrons have no 
electric charge, they can cross the mag- 
netic field lines without hindrance; 
furthermore, they are not bound by the 
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field lines and can travel in all direc- 
tions. Those moving upward, away 
from the earth, are called albedo (or 
reflected) neutrons. These neutrons, like 
all free neutrons, decay into a proton 
and an electron, with a half-life of 
about 12 min (§ 11.9) ; because its mass 
is close to that of the neutron, the 
proton formed will carry nearly all the 
energy of the neutron, which may be 
several million electron volts. When 
albedo neutrons decay at altitudes 
above about 650 kilometers (400 miles), 
the energetic protons (and low-energy 
electrons) are trapped by earth's mag- 
netic field. It is in this manner that 
the protons in the inner radiation zone 
could be formed and replenished. Ga- 
lactic cosmie rays are thought to be 
responsible for the protons out to about 
4000 kilometers (2500 miles) from the 
earth's surface; at greater distances 
solar cosmic rays apparently make & 
significant contribution. 

19.91. The origin of the high-energy 
electrons in the outer zone of the Van 
Allen belt is by no means clear. The 
correspondence between the electron 
flux and solar activity suggests that 
the sun is responsible in some way. It 
is certain, however, that the electrons 
could not have come directly from the 
sun, because their energies are much 
too high. There has been some specu- 
lation concerning the manner in which 
the electrons in the outer zone are 
accelerated to high energies, but no 
convincing mechanism has yet been 
proposed. 


Tue OnreimN or Cosmic Rays 


19.02. In considering the problem 
of the origin of cosmic rays, there aré 
two questions that may be asked; first, 
where do the particles come from and, 
second, how do they attain such high 
energies? It was thought at one time 
that the cosmic-ray particles might 
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originate in the sun, but it is now 
known that this cannot be the case, 
except for a relatively small number 
with energies below about 30 GeV. 
In addition to the difference in com- 
position between the solar particles 
(and the sun), on the one hand, and 
other cosmic-ray particles (§ 19.52), 
there is a significant difference in the 
energy distribution. A curve for solar 
particles analogous to that in Fig. 19.3 
has a much steeper slope. Furthermore, 
the distribution of high-energy cosmic- 
ray particles is uniform in all direc- 
tions, with no indication of any prefer- 
ence for the direction of the sun. 

19.93. If the particles do not orig- 
inate within the solar system, then 
they may come from stars other than 
the sun. Since the sun, which is a star 
of average size, mass, and composition, 
emits particles, it is reasonable to sup- 
pose that other stars within the local 
galaxy, the Milky Way, will do so also. 
It is true that the maximum energy of 
the solar particles (about 3 X 10!" eV), 
and presumably also that of the parti- 
cles from other stars, is lower than even 
the average of cosmic-ray primaries, 
and is certainly very much less than 
the maximum observed so far. It will 
be seen shortly, however, that there is 
a plausible mechanism whereby the 
particles in the Milky Way can be 
accelerated to higher energies. But 
there is still ari important difficulty; 
the proportion of heavier nuclei in the 
galactic cosmic-ray particles is differ- 
ent from that in the great majority of 
Stars. Thus, it would appear that at 
least some of the particles must come 
from stars that are not of average 
composition. 

19.94. A possible clue to this situa- 
tion is provided by considering the 
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behavior of the sun. The ejection, from 
the region of a solar flare, of particles 
of fairly high energy ($19.43) that 
appear near the earth as solar cosmic 
rays is almost invariably accompanied 
by the emission of a burst of radio 
waves. The properties of these par- 
ticular (Type IV) radio bursts indi- 
cates that they consist of what is called 
synchrotron radiation, produced when 
electrons of high energy spiral about 
the lines of force of a magnetic field.* 
The mechanism responsible for the 
acceleration of the solar electrons to 
high energies, presumably involving 
strong magnetic fields, will also accel- 
erate protons. But whereas the elec- 
trons lose energy by the emission of 
synchrotron radiation, the protons do 
not because of their much larger mass 
(cf. $9.73). Hence, the high-energy 
protons can travel away from the sun 
and reach the earth. 

19.95. Other strong sources of syn- 
chrotron radiation are the enormous 
gas clouds associated with the rare 
stars known as supernovae. A super- 
nova is a star, with a mass substan- 
tially greater than that of the sun, 
that suddenly explodes after most of 
its hydrogen has been consumed. 
Supernovae occur, on the average, 
about once every 250 to 300 years in 
the Milky’ Way, and possibly more 
frequently in some other galaxies. The 
explosion of a supernova is accom- 
panied by the emission of light and 
other electromagnetic radiations con- 
tinuing for hundreds and even thou- 
sands of years. Much of this emission 
has the properties of synchrotron 
radiation, indicating that electrons are 
being accelerated to high energies in a 
magnetic field. From the arguments 
presented above, it is very probable, 


*Th tron radiation is similar to that emitted by hi electrons moving 
in the magnetic Held of e circular accelerator, such as a betatron cf. $9.71) or a synchrotron; 
i Ss relationship. 
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therefore, that nuclear particles of 
high energy are also emitted by the 
supernova remnants for long periods 
of time. It has been suggested that 
these nuclei, which would have greater 
energies than particles from the sun 
and similar stars, contribute to the 
cosmic-ray primaries, Since most super- 
novae contain large proportions of the 
heavier elements, this source of some, 
at least, of the cosmic rays would 
account for the higher than average 
abundance of the nuclei of such 
elements. 

19.96. Some ‘scientists are of the 
opinion that all cosmic-ray primary 
particles originate in supernovae. Be- 
cause the particles emitted are pre- 
dominantly nuclei of the heavier 
elements, most of them must subse- 
quently break up into lighter elements, 
especially hydrogen and helium. This 
could result from nuclear reactions, 
especially spallation (§ 10.84), with 
protons and other charged particles 
present in the interstellar (galactic) 
gas. Since the ratio of hydrogen to 
helium in the cosmic-ray primaries is 
not very different from that in the sun 
and in other similar stars, an alter- 
native possibility is that the nuclei of 
these light elements are contributed 
by average stars, like the sun, whereas 
the heavier nuclei originate mainly in 
supernovae. 

19.97. Consideration must now be 
given to the question of the accelera- 
tion of the cosmic-ray particles to the 
high energies they have when detected 
near the earth. There are two main 
theories in this connection. One is 
simply that essentially all cosmic-ray 
particles come from supernoyae and 
acquire their energy in the associated 
magnetic fields. An alternative mech- 
anism, which starts with particles of 
moderate energy, was ‘proposed by 
E. Fermi (§ 14.45) in 1949, although 
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as its author realized it does not pro- 
vide a complete solution to the prob- 
lem. In 1943, the Swedish scientist 
H. Alfvén put forward the idea that 
magnetie fields of enormous size 
wander about between the stars in the 
Milky Way. These wandering fields 
could arise from isolated clouds of 
plasma containing trapped magnetic 
fields. Such plasma clouds, but of 
smaller size, are known to exist in the 
solar system; they are apparently 
produced when plasma tongues of the 
type deseribed in $ 19.45, with trapped 
magnetie fields, become detached from 
the sun, as they all eventually do. 
Fermi suggested that the cosmic-ray 
particles aequire high energies by re- 
peated reflections from these magnetic 
fields over long periods of time before 
escaping. In this way, considerable 
energies could be built up. As is actu- 
ally the case, the energies would cover 
a range of values since the particles 
would not all receive the same amount 
of acceleration before finding their way 
to the vicinity of the earth. 

19.98. It is highly probable that 
magnetic fields exist in the enormous 
gas (plasma) clouds that are known to 
surround the remnants of supernovae. 
The atomic nuclei in the star after it 
has exploded could acquire very high 
energies by acceleration in such mag- 
netic fields before being expelled into 
the galaxy. The particles might then 
be accelerated further by the wander- 
ing magnetic fields in intergalactic 
space. It is of interest in this connec- 
tion that before charged nuclei cat 
acquire energy from the intergalactic 
fields they must be injected with cer- 
tain minimum energies. For nuclei of 
low atomic number, such as hydrogen 
and helium, the minimum energies are 
0.2 to 1 GeV, and so they could orig- 
inate in stars like the sun. For the 
heavier nuclei, however, the requi 
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injection energy is several hundred 
billion (giga) electron volts, Such par- 
ticles, which might well originate in 
supernovae, could thus acquire their 
initial acceleration from the magnetic 
fields in the surrounding plasma clouds. 

19.99. In the foregoing discussion it 
has been assumed that the cosmic-ray 
particles originate within the local 
galaxy. It is possible, however, that 
some come from outside the Milky 
Way. The argument is based on a 
property of charged particles, called the 
magnetic rigidity, which is related to 
their energy. If a charged particle 
moves in a curved path of radius E 
in a magnetic field of strength B, its 
magnetic rigidity is equal to the prod- 
uet of these quantities, BR. For rela- 
tivistie particles, ie. particles with 
velocities approaching that of light, 
such as protons with energies in excess 
of about 10 GeV, the magnetic rigidity 
is related to the energy E of the particle 
and its charge Z by the expression 


BR = E/300Z, 


where B is expressed in gauss, È is in 
em, and £ in electron volts. 

19.100. The highest known energy 
of a primary cosmic-ray particle, as 
inferred from a study of extensive air 
showers, is about 6 X 10!* eV; this is 
the largest energy observed but not 
necessarily the maximum. For protons, 
Z = 1, and consequently the magnetic 
rigidity of such particles would be 
6 X 107/300 = 2 X 10" gauss-cm. 
The average strength of the galactic 
magnetic field is 5 X 10-* gauss; 
hence, the high-energy particles will 


* The ent would be weakened if it transpired that the only partic 
ing the most extensive air showers were heavier nuclei with Z greater than 
would then be 


npduy and the radius of curvature 
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travel through the Milky Way in & 
path having a radius of 2 X 1017/5 X 
10-* = 4 X 10% cm. The radius of the 
galactic disk is about 4.5 X 10% em 
and its maximum thickness is roughly 
2 X 10%! em, It seems unlikely, there- 
fore, that the protons of very high 
energy, following a curved path with 
about the same radius as the galaxy, 
will remain within the Milky Way. 
for any significant time.* It would 
appear, therefore, that the primary 
cosmic-ray protons of the highest en- 
ergy originate from sources outside the 
local galaxy, perhaps from other gal- 
axies, the nearest of which is some 
1.6 X 10%cm (nearly 10/5 miles) dis- 
tant from the Milky Way. 

19.101. Some authorities have sug- 
gested, but not all agree, that the 
energy distribution curve in Fig. 19.3 
shows a slight change of slope at a 
particle energy of about 10" eV. This 
result is indicated by measurements of 
extensive sir showers made during the 
1960s at high altitudes in the Andes in 
Bolivia, The implication is that pri- 
mary cosmic-ray particles with energies 
smaller than 10! eV come from a 
source that is different from that for 
particles with energies in excess of 1017 
eV. These sources might then be the 
local galaxy and an exterior galaxy, 
respectively. The situation is, however, 
uncertain, But if evidence is obtained 
from future studies of air showers for 
primaries with energies greater than 
102° eV, it will be difficult to avoid 
the conclusion that some, at least, of 
the cosmic-ray particles originate from 
outside the Milky Way. 
les capable of initiat- 

. ie etic 
in Meoportion to the SUO Z. 


situation, however, seems to be improbable. 
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HISTORICAL BACKGROUND 


INTRODUCTION 


20.1. In. 1932, when J. Chadwick 
identified the neutron and W. Heisen- 
berg suggested that atomic nuclei 
consist of neutrons and protons, it 
seemed as if these two particles and 
electrons were sufficient to account for 
the structure of matter (see Chapter 
4). If antimatter exists (§ 2.124) it 
would then be made up of antielec- 
trons, ie., positrons, and antiprotons 
and antineutrons. To these might be 
added the photon, the intermediary 
(or field particle) for electromagnetic 
forces, such as exist between the nu- 
cleus and electrons in the atom, and so 
it appeared that seven particles could 
explain both matter and antimatter. 

20.2. The situation began to change 
when, in 1935, H. Yukawa postulated 
the existence of another particle, with 
a mass about '200 times that of the 
electron, as the field particle for the 
. strong forces within the nucleus 
(§ 12.27). Soon afterward the existence 
of a new particle, with a mass about 
the same as that expected for the 
Yukawa particle, was indicated by 
tracks produced by cosmic rays in a 
photographic emulsion. In due course, 
however, it became apparent that this 
particle did not satisfy the require- 
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ments for a nuclear force field particle 
But a particle that did satisfy these: 
requirements was identified in 194 
At about the same time somewhi 
heavier particles were found in cosmic 
rays, and by 1957 the number of 
known particles (and antiparticles) 
had increased to about 30. k 
20.3. The early discoveries of the 
new particles were made in cosm 
rays, but as accelerators capable 
producing charged particles of high 
and higher energies came into use (see 
Chapter 9), these machines, which 
could be operated under controlled 
conditions, began to play the dominant 
role. By allowing protons or other 
projectile particles of high energy 
interact with matter, more and more 
new particles were discovered from. 
observations of events in photographie: 
emulsions, in bubble chambers and, to 
a smaller extent, in spark and clo 
chambers. Because of the use of high 
accelerated particles, the experimen’ 
field is referred to as high-energy ph 
ics. By the middle 1960s, the tota 
number of known partieles (and th 
antiparticles) was approaching the 
mark,* and the end was not in sight; 
in fact, there may well be no end! 
20.4. Apart from a dozen or s0, 
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particles have very short lifetimes, 
namely, less than—and most very 
much less than—a few millionths 
(1075) of a second. They cannot, there- 
fore, be regarded as normal constit- 
uents of matter. Nevertheless, they 
are definite entities with characteristic 
properties, such as mass, charge, aver- 
age life, and various quantum numbers. 
These particles have been described 
by such adjectives as “fundamental,” 
“strange,” and “elementary,” but none 
of these is quite appropriate. The word 
fundamental implies that the particles 
are the basic building blocks of matter; 
some may be, but their instability 
indicates that the great majority are 
certainly not. It is true that their be- 
havior was strange in the early 1950s, 
but it.is much less so 15 or more years 
later. Consequently, the term “ele- 
mentary particles” is now commonly 
used, largely for want of a better one. 
These particles are elementary in much 
the same sense, although on a different 
scale, as are the chemical elements. 
20.5. One of the major problems of 
modern physies is to understand the 
nature of the so-called elementary par- 
ticles and to account for their existence 
and properties. Although there have 
been some remarkable developments 
during the early 1960s, the situation 
is far from clear. A proper treatment 
of the subject requires the use of 
mathematics of great complexity; all 
that can be attempted here, therefore, 
is to try to explain, as far as possible, 
in moderately simple (if approximate) 
terms the basic principles involved. 


Discovery or Liaur MESONS 


20.6. In the summer of 1935, C. D. 
Anderson and S. H. Neddermyer made 
some cloud-chamber exposures on 
Pikes Peak, in Colorado, and upon 
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examining the photographs, in the 
following year, they observed a few 
tracks which could not be attributed 
to either protons or electrons. An ex- 
ample of such a track is shown in Fig. 
20.1; it is the short, heavy track with a 


Fig, 20.1. Cosmic-ray tracks in a cloud 

chamber which led to the discovery of the 

muon. (C. D. Anderson and 8. H. Nedder- . 
meyer, Phys. Rev., 50, 270 (1936)) 


slight curvature, pointing upward, 
originating in the lead plate across the 
cloud chamber (§ 19.9)*. The curva- 
ture of this track indicated that the 
particle had a positive charge; how- 
ever, Anderson and Neddermyer con- 
cluded that it must be lighter than a 
proton although considerably heavier 
than an electron (or positron). Almost 
simultaneously and independently, 
J. C. Street and E. C. Stevenson ob- 
tained a cloud-chamber photograph of 
a cosmic-ray particle which had passed 
through 11 em of lead and which was 
near the end of its path. From the 
characteristics of the track, the particle 
was found to be negatively charged and 
to have a mass of about 130 M., where 
m, is the mass of the electron. 

20.7. During 1937 and 1938, confir- 
mation was obtained from various 
sources of the existence in cosmic rays 
of particles lighter than a proton but 
some 200 times heavier than the elec- 


ublished by P. Kunze in Germany 


* A cloud-track photograph, produced by cosmic rays, ‘cance was not realized at that time. 


in 1933, is repo 


to contain a similar track, but its si 
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tron. Such particles were found to carry 
either a positive or a negative charge. 
Anderson and Neddermyer proposed 
to call them mesotrons, from the Greek 
meso, meaning intermediate, since their 
mass lies between that of an electron 

. and a proton. Later, the abbreviated 
name meson, suggested by the Indian 
physicist H; J. Bhabha in 1939, was 
adopted. 

20.8. As stated in $12.28, there 
appeared to be good reasons for be- 
lieving that the meson described above 
did not have the properties required 
to account for nuclear forces, It was 
calculated that the mass of the latter 
should be greater than 200 m, but 
before 1947 there was no evidence for 
the existence of more than one type 
of intermediate particle. In that year, 

' however, C. F. Powell and G. P. S. 
Occhialini and their collaborators in 
England showed that two kinds of 
mesons, with different masses, exist. 
Upon developing photographie films 
with nuclear track emulsions after ex- 
posure for some time at high alti- 
tudes in the Bolivian Andes, tracks 
were observed indicating the presence 
of a meson with a mass of ap- 
proximately 300 m, and consequently 
heavier than the previously known 
meson. Furthermore, the interesting 
point was noted that, at the end of its 
path in the emulsion, the heavier 
meson changed into a lighter particle 
with a mass of abóut 200 m,. 

20.9. In order to distinguish the two 
mesons, the heavier one was called the 
pi (x)-meson,* and the lighter became 
known as the mu (u)-meson; the change 
from pi- to mu-particle is referred to as 
pi-mu (r-u) decay. Particles of each 
type were found to exist with either a 
Positive or a negative charge. One of 
the characteristics of the particles now 
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called “mesons” is that they have a 
spin quantum number that is either 
zero or integral (§ 20.28). The mu- 
particle, however, has a half unit of 
spin and so it is not a meson in the 
current sense of the term. The names 
mu-particle or muon, for short, are 
thus commonly used (82.129). The 
pi-particle has a spin of zero and so is 
2 meson; it is commonly referred to as 
a pi-meson or as a pion. 

20.10. Speeulations concerning the 
origin of the pions in cosmie rays 
suggested that most are formed by a 
primary proton of high energy inter- 
acting with a proton or a neutron in 
an atomic nucleus in the atmosphere. 
If this were the case, then it should 
perhaps be possible to produce pi- 
mesons in the laboratory by the use of 
high-energy particles obtained by 
means of an accelerator, The energy 
equivalent of the rest mass of a pion is 
about 140 MeV (§ 20.78); hence, for 
the production of pions, at least this 
amount of energy must be available in 
the center-of-mass frame of reference 
of the colliding particles (§ 9.161 foot- 
note). The actual amount of energy 
which the accelerated particle must 
have to satisfy this requirement de- 
pends on the mass of the particle and 
the nature of the target, but it will be 
significantly in excess of 140 MeV. 
With a solid target, some indication 
of pion formation might be expected at 
particle energy of around 180 MeV, 
and it should become quite significant 
in the region of 300 MeV. 4 

20.11. The first report of the identi- 
fication of artificially produced pi- 
mesons was made in the United States - 
early in 1948 by E. Gardner and the 
Brazilian physicist C. M. G. Lattes 
(cf. $20.9 footnote). They allowed & 
beam of 380-MeV alpha particles 


.. * The bol x was used by C. M. G. Lattes, G. P. S. Occhialini and C. F. Powell because 
it is the Greek equivalent of p, for primary, since the x-mesons are evidently ptitary mesons. 
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(helium nuclei) from the Berkeley syn- 
chrocyclotron ($9.43) to impinge on 
the edge of a target, the nature of 
which was not critical; carbon was used 
for most of the studies, but similar 
results were obtained with targets of 
beryllium, copper, or uranium. A stack 
of photographic emulsions, suitably 
protected from extraneous radiations, 
was placed in the region where the 
pi-mesons were expected to arrive, and 
upon development a number of tracks, 
definitely due to pions, were observed 
(Fig. 20.2). The first pi-mesons to be 


Fic. 20.2. Track in photographie emulsion of a negative pi-meson; the 
at the right and was captured by a nucleus, forming a star, 
instance of the artificial production of mesons. perme 
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muons that were detected were pro- 
duced by pi-mesons which decayed 
within the target. 

20.12. A closer simulation to the 
formation of pions in cosmic rays was 
achieved in 1949 when these particles 
were obtained by means of high-energy 
(345 MeV) protons. Moreover, pi- 
mesons were also produced from accel- 
erated deuterons and from energetic 
neutrons formed by recoil from 345- 
MeV protons. In each case, it appears 
that the pi-mesons resulted from nu- 
cleon-nucleon interactions. In addition, 


icle entered 
at the left. This is the first 
Radiation Laboratory, Uni- 


versity of California) 


detected in this manner were nega- 
tively charged, because of the experi- 
Mental arrangement used. Later, the 
Position of the target was changed so 
as to permit detection of positive pions 
which were deflected in a magnetic 
field in a direction opposite to that of 
the negative pions. In addition to pi- 
Mesons, positive muons were ob- 
Served and also a few negative muons. 
Possibly because of the short dis- 
tances involved, no pi-mu decay was 
noted in flight. It appears that the 


E. M. McMillan and J. M. Peterson 
found that pions could be obtained by 
the interaction of energetic photons, 
ie. radiation of high energy, with 
atomic nuclei. Accelerated (335-MeV) 
electrons from the Berkeley electron 
synchrotron (§ 9.106) were allowed to 
fall on a target, thus generating high- 
energy X-ray photons which produced 
the pi-mesons in their passage through 
a stack of photographic emulsions or 
through a slab of matter in the vicinity. 
The great majority of the pi-mesons 
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formed were negatively charged and a 
few cases of pi-mu decay were observed. 

20.13. Although the existence of a 
neutral meson had been predicted in 
1938 on theoretical grounds (§ 12.31), 
the first definite evidence for this par- 
ticle was obtained in 1950 at the Uni- 
versity of California, Berkeley. When 
targets of carbon, beryllium, and other 
elements were struck by protons with 
energy exceeding 175 MeV, gamma-ray 
photons were produced with charac- 
teristics best accounted for by assum- 
ing that they were formed by the 
spontaneous decay of a neutral pi- 
meson into two photons. By appro- 
priately locating scintillation counters 
to record coincidences between the 
pairs of gamma-ray photons produced 
simultaneously by the decay of the 
neutral pion, the total minimum en- 
ergy of the two photons was found to 
be about 140 MeV. This is the amount 
of energy that is expected from the 
disappearance of a particle with a mass 
of roughly 280 m,, which is that of a 
pion. 

20.14. The work described _above 
established that positive, negative, and 
neutral pions are generated simulta- 
neously in high-energy nucleon inter- 
actions. At the present time, strong 
beams of charged pi-mesons for experi- 
mental purposes, with energies cover- 
ing a wide range, are produced by 
bombarding solid targets, e.g., beryl- 
lium, with accelerated protons. The 
pions are separated according to their 
charge by passage through a magnetic 
field; the positive pions are deflected 
in one direction, and the negative in 
the opposite direction. Neutral pions 
have such a very short life (§ 20.83) 
that beams cannot be produced. 


Discovery or K-MxsoNs 


20.15. In 1944, L. Leprince-Ringuet 
and M. L’heretier in France obtained 
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a single cloud-chamber photograph 
suggesting the existence in cosmic rays 
of a particle of mass about 1000 me. 
Some three years later, G. D. Rochester 
and C. C. Butler, of the University of 
Manchester cosmic-ray group in Eng- 
land, observed a branched (or V- 
shaped) track in a Wilson cloud cham- 
ber. One braneh was shown to be 
consistent with a charged particle of 
roughly 1000 m, mass, whereas the 
other was probably due to a pi-meson 
which was one of the decay products of 
the heavier particle. What was ob- 
served was the decay in flight of the © 
1000 m, particle into a pion and at least 
one other (neutral) particle, probably 
also a pion, which left no track in the 
cloud chamber. Because of the shape 
of the visible tracks, the heavy particle 
was originally called a charged V- 
particle, but this name is no longer 
used as V-shaped tracks are produced 
by particles of several different types, - 
as will shortly be apparent. 
20.16. Following upon the initial | 
discovery, evidence was obtained from | 
tracks in cloud chambers and photo- 
graphie emulsions of the existence vof 
several particles, all of which have & - 
mass of about 970 m, but which decay | 
in different ways. These are now call 
K-mesons or kaons. Positive and nega- 
tive and two neutral forms of the 
K-meson are known, but each exhibits 
from two to six. different modes 0! | 
decay ($20.85). Prior to 1953, all the 
information concerning K-mesons Was 
obtained from cosmic-ray studies, but | 
in that year the Brookhaven Cosmo- 
tron commenced production of these 
particles in quantity. Subsequently: 
the Berkeley Bevatron and other acce! | 
erators have been used to produce 
relatively strong beams of K-mesons 
positive, negative, and neutral One 
method is to bombard copper (or othe! 


"mier. 
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(or more) energy ; alternatively, a beam 
of 1.5-GeV (at least) negative pions, 
produced in the manner described in 
$20.14, is allowed to impinge on a 
target of any convenient material. 


Discovery or HyPERONS 
AND HYPERNUCLEL 


20.17. In addition to recording vari- 
ous cloud chamber V-events ascribed 
to particles of about 1000 m,, Rochester 
and Butler in 1947 also reported a 
V-event of a different type (Fig. 20.3). 


Fic, 20.3. Hyperon decay V-event. (G. D. 
Rochester and C. C. Butler, Nature, 160, 
855 (1947)) 


A neutral particle with a mass of 
approximately 2000 me producing no 
track, decayed into two charged par- 
ticles, one of which was apparently a 
proton and the other a negative pion. 
This was the first evidence for the 
existence of a new kind of particle, 
how referred to as a hyperon,* with a 
Mass greater than that of a neutron 
(or proton). In addition to the original 
neutral hyperon, charged and neutral 
hyperons of somewhat higher mass 


* From the Greek 


-Polish scientists M. Danysz 


refix hyper, meaning over or above. 
was given the symbol A (Greek capital lambda), because i 
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have been detected. One of these was 
called a cascade particle because it 
decays in several stages. Within about 
10-1? sec of its formation, this particle 
decays into a lighter neutral hyperon 
and a pi-meson. The neutral hyperon 
then decays, also within roughly 107! 
sec, mainly into a proton and a nega- 
tive pion. In 1964, a still heavier 
hyperon was identified which also 
decays in stages. The original cascade 
particle is now called a Xi (E)-hyperon 
(§ 20.95). All the hyperons can be pro- 
duced in the laboratory by the inter- 
action of high-energy protons, pions, 
or kaons with matter. 

20.18. Related to the hyperons are 
the short-lived particles called hyper- 
fragments or, better, hypernuclei, the 
existence of which was inferred by the 
and 
J. Pniewski in 1953 from tracks in 
photographic films exposed to cosmic 
rays at an altitude of 85,000 feet. 
Similar tracks have since been obtained 
by bombardment of targets with ener- 
getic mesons. They are due to nuclei of 
light elements which have captured a 
neutral hyperon. The average lifetimes 
of the hypernuclei are about the same 
as that of the hyperon they contain, 
i.e., roughly 107!? sec. 


Discovery or RESONANT STATES 


20.19. The earliest evidence for the 
formation of resonant states, also re- 
ferred to as resonance particles or reso- 
nances, came in 1951 from a group 
working with E. Fermi at the Uni- 
versity of Chicago. In the course of 
studies of the scattering of positive 
and negative pions of various energies 
by protons, it was observed that at 
energies above about 60 MeV, the 
cross sections (§ 10.98) increased rap- 
idly. It was not established at the time 
. The first hyperon to be discovered 
t looks like an inverted V. 
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if the scattering cross sections attained 
a maximum and then decreased or if 
they leveled off at a high value. Subse- 
quently other investigators found that 
the former was the case (cf. Fig. 20.8). 
In 1957, K. A. Brueckner at Indiana 
University anticipated this possibility 
and suggested that a resonance inter- 
&etiom occurred between the proton 
and the pion, much as the resonance 
capture of a neutron by a nucleus is 
associated with a maximum in the 
cross section (8 11.100 et seq.). It is for 
this reason that the term resonance (or 
resonant state) came into general use. 

20.20. At the present time, the name 
is applied to a particle state of very 
short life, usually about 10-? sec, 
which decays into two or more parti- 
cles, at least one of which is invariably 
a meson. The first few resonances were 
identified from measurements of pion- 
proton scattering cross sections, but 
from 1960 onward the formation of 
such particles has been established in 
other ways (§ 20.111). The total num- 
ber of known resonances is considerable 
and new ones are reported from various 
high-energy accelerator laboratories at 
frequent intervals. It is quite possible 
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that there is no limit to the resonant 
states; nevertheless, it appears that 
they form a definite pattern. The first 
indications of such a pattern are be- 
coming evident, as will be seen later. 

20.21. The average life of nearly all 
charged r- and K-mesons is about 107° 
sec and that of the hyperons is roughly 
10-'? sec. These lifetimes are very 
short, but they are very much longer 
than the 10-7 sec average life of a reso- 
nant state. Because of their extremely 
short lifetimes, resonant states are 
described as unstable particles, whereas 
the others, with the longer lifetimes, 
are said to be stable or, better, meta- 
stable (cf. § 10.150, footnote). In a 
time interval of 10-? sec, a particle 
moving with the velocity of light 
(3 X 10" em per sec) can travel a dis- 
tance of the order of 10-" cm. This is 
much too small for the resonant-state 
particle to leave an observable track in 
a photographic emulsion or in a cloud, 
bubble, or spark chamber. Conse- 
quently, the existence of these parti- 
cles is always inferred indirectly. The 
reason for their extremely short life 
will be apparent as the material in 
this chapter is developed. 


PARTICLE INTERACTIONS AND CONSERVATION LAWS 


TYPES or PARTICLE INTERACTIONS 


20.22. An understanding of the 
apparently complex behavior of the 
elementary particles and resonances, in 
connection with both their formation 
&nd decay, requires a consideration of 
the different, types of interaction (or 
forces) between particles. These inter- 
actions are regarded as falling into four 
general categories. Some references to 
the weak and strong interactions, as 
they are called, have been made in 
Chapter 7 and 12, respectively, but 
the whole subject will be reviewed here 


and further information will be in- 
cluded. The four types of interactions, 
in order of decreasing strength, are 
(a) strong interactions, (b) electro- 
magnetic interactions, (c) weak inter- 
actions, and (d) gravity; they will now 
be considered in turn. 

20.23. An outstanding example of 
the strong interaction is in the forces 
which hold nucleons together in the nu- 
clei of atoms. The range of the strong 
interaction is limited to about 2 X 107” 
em (812.27) and the time interval 
during which such an interaction takes 


=_ 
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place is approximately equal to this 
distance divided by the velocity of 
light, i.e., (2 X 10-)/(3 X 10"), or 
roughly 10-? sec. Other strong inter- 
action processes are the scattering of 
mesons and nucleons by nucleons, the 
formation of new particles by reactions 
between such particles, and the decay 
of certain types of particles. It is evi- 
dent that the decay (and formation) of 
resonant states takes place by the way 
of strong interactions. Radioactive 
alpha decay also involves the strong 
interaction, but particle emission from 
the nucleus is inhibited by the electro- 
static barrier (§ 8.56). 

20.24. The electromagnetic interaction 
operates on all charged particles; the 
carrier is the photon and the range 
appears to be infinite. It provides the 
force which binds the negatively 
charged orbital electrons to the posi- 
tively charged nucleus of an atom. 
The electromagnetic force also plays a 
role in nuclear strueture in the mutual 
repulsion of the protons, but it is 
greatly exceeded by the strong inter- 
actions among the nucleons, especially 
in the lighter nuclei (§ 12.88). Other 
examples of electromagnetic inter- 
action are the formation of positron- 
electron pairs from gamma rays and 
vice versa, and the decay of a neutral 
pion into two gamma-ray photons. A 
comparison of the coupling coefficients 
given in $12.33 indicates that the 
strength of the electromagnetic inter- 
action is about a one-thousandth part 
(10-3) of the strong interaction. It is 
inferred, therefore, that the charac- 
teristic interaction times are very 
roughly in this same inverse propor- 
tion; thus, for the electromagnetic 
force the time should be approximately 
10-23 x 10° = 10-*° sec. The observed 


values are often somewhat larger; the 
* Radioactive beta decays general take place much more 


spin, and parity considerations ($ 8.73). 


average lifetime of the neutral pi- 
meson, for example, is about 1076 sec. 

20.25. The weak interaction differs 
from the others in the respect that it 
does not appear to generate an attrac- 
tive force, such as the strong and 
electromagnetic interactions do. Never- 
theless, the weak interaction is effec- 
tive in all radioactive decays in which 
beta particles (electrons or positrons) 
are involved (§ 8.54 et seq.), as well as 
in many other decay processes. The 
range of the weak interaction appears 
to be very small, perhaps considerably 
less than 10-?? cm. The coupling con- 
stant is smaller than that for the 
strong interactions in a ratio of about 


' 10715; hence, the characteristic times 


of weak interactions would be expected 
to be about 10-? sec. The average 
lifetimes of many elementary particles, 
as already stated, are in the range of 
10-1" to 10-? sec; it is evident, there- 
fore, that these particles decay by the 
weak interaction. * 

20.26. The last, and by far the 
weakest, of the four interactions is 
gravity. It has an infinite range but it 
is weaker than the strong interaction 
in a proportion of roughly 10-**. 
Although gravity has a great influence 
on the large-scale (macroscopic) be- 
havior of matter, the gravitational 
interaction is so small for atomic and 
subatomic (or subnuclear) particles 
that it may be omitted from the present 
discussion. 


CLASSIFICATION OF ELEMENTARY 
PARTICLES 


20.27. The known elementary parti- 
cles (including resonances) have been 
divided into three classes, as deter- 
mined by the nature of the reactions 
they can undergo. Particles which are 
subject to strong, electromagnetic, 


slowly because of energy, nuclear 
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and weak interactions are called 
: hadrons;* they will take part in strong 
interactions if possible, but if this is 
prevented by certain restrictions which 
will be considered shortly, then one 
of the other interactions will become 
effective. The hadrons are further sub- 
divided into mesons, to which some 
reference has already been made, and 
baryons. t Of the metastable (or stable) 
particles, i.e., excluding the resonant 
states, the baryons, which include the 
nucleons and the hyperons, are the 
heaviest; the masses of the simpler 
mesons, as their name implies, are 
intermediate between those of the 
baryons and that of the electron, 

20.28. The fundamental distinction 
between baryons and mesons lies 
in their different baryon numbers 
(§ 20.35), but they also differ with 
regard to their intrinsic angular mo- 
menta or spins. The mesons all have 
zero or integral spins, i.e., 0, 1, 2, ete., 
whereas baryons have half odd-integral 
spins, ie., 34, 34, 96, ete. Particles 
with zero or integral spins are called 
bosons, because such particles obey the 
Bose-Einstein statistics, developed by 
S. N. Bose (1924) and A. Einstein 
(1925). Hence, mesons are bosons 
capable of strong interaction. On the 
other hand, particles with half odd- 
integral spins are known as fermions; 
they obey the Fermi-Dirac statistics, 
named for E.: Fermi (1926) and 
P. A. M. Dirac (1927).t Baryons, 
therefore, are strongly interacting 
fermions. 

20.29. Because they are formed and 
decay by strong interactions, resonant 
States are classified among the hadrons, 
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If they are bosons, with zero or integral 
spins, they decay into two or more 
mesons; they are then called mesonic 
resonances. The resonant states that 
are fermions, with half-integral spins, 
are baryonic resonances; one of the 
decay products is then a baryon, ie., 
a nucleon or a hyperon, together with 
one or two mesons. A further distinc- 
tion is sometimes made between two 
types of baryonic resonances, namely, 
the nucleonic and hyperonic resonances; 
they result from the strong interaction 
of a nucleon with a pi-meson and with 
a K-meson, respectively. 

20.30. Particles which do not re- 
spond to the strong interaction, but 
only to weak and electromagnetic 
interactions, are referred to as leptons.§ 
They all have a half unit of spin and 
are consequently weakly-interacting 
(leptonic) fermions. Included among 
the leptons are the electron, the muon, 
the neutrinos, and their respective 
antiparticles, The masses of the leptons 
are all smaller than that of the pion, 
the lightest meson. Weak interactions 
do not necessarily have to produce lep- 
tons, e.g., the decay of a K-meson into 
pions, but if leptons are involved in 
any way, the process must be either 
& weak or electromagnetic interaction, 
the former being more probable. Neu- 
trino interactions are invariably weak. 

20.31. The masses and spins of the 
elementary particles and the inter- 
actions which they can undergo are 
summarized in the accompanying ta- 
ble. In accordance with current prac- 
tice masses are given in terms of the 
equivalent rest-mass energy Z in MeV; 
this is related to the actual rest mass 


* From the Greek hadros, meaning thick, the equivalent of strong. Hadrons are the only 


particles that can exhibit, strong interactions. 
From the Greek baryos, meaning heavy. 


According to the Fermi-Dirac statistics, not more than one particle of a given kind can 


occupy a specific ener; 


- restricted in this manner. 


(quantum) state; consequentl: 
proton, and neutron, obey the Pauli exclusion an 3 


e fermions, such as the electron, 
principle (8 4.64). Bosons, however, are not 


$ From the Greek leptos, meaning weak, thin, or small. 
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SUMMARY OF ELEMENTARY PARTICLES AND INTERACTIONS 


Interaction 
Mass S ron OMNI e OWTREDREI 
Particle Type (MeV) Spin ‘Strong E.M. Weak 
Hadrons (Bosons) 
Baryons: 
Nucleons 939 x Yes Yes Yes 
Hyperons 1116-1674 M, 92 (2) Yes Yes Yes 
Resonances >1236 X 3, y Yes Yes Yes 
Mesons: 
Pi-mesons 137 0 Yes Yes Yes 
K-mesons 496 0 Yes Yes Yes 
Eta-meson . 549 0 Yes Yes Yes 
Resonances >770 0,52,... Yes Yes Yes 
Leptons (Fermions) 
Electrons 051 M No , Yes Yes 
Muons 106 % No Yes Yes 
Neutrinos (electron 
and muon) 0 % No No Yes 
Field Particles (Bosons) 
Photon 0 1 No Yes = 
Graviton (?) 0 2? No No No 
W-boson (?) Te 1? No Yes(?) Yes 


mo by E = moc? Or Mo = B/c.* For | that is the carrier for the weak inter- 
the sake of completeness, the field | action; this hypothetical particle has 
particles are included in the table. ‘As | been called the intermediate (vector) 
stated earlier, the photon is the electro- | boson oF the W-boson. Like the other 
magnetic field particle; that is to say, | field particles, it 18 expected to be a 
electromagnetic interactions involve boson and should have a spi of unity, t 
the transfer of photons from one body and it should occur in both positively 
to another. The photon has a mass and negatively charged forms. Since 
of zero and a spin of unity and is conse- | 1963, several attempts have been made 
quently described as a massless boson. | to detect: the W-boson, but so far 


It is because of its zero mass that its | without success 


range is infinite. A massless boson, 
called a graviton with & probable spin 3 

of two units, has been postulated as very massive, at Jeast 2000 MeV. If 
the field particle for gravity. Such a | the mass 18 this large, the effective 
particle has not been detected, but itis | range of the weak interaction, assumed l 
not unreasonable to suppose that it | to be equal to h/2xme (§ 12.27), 
exists. The main field particle for the | would be less. than: 1077/0.) Some 
strong interaction appears to be the physicists consider that interactions of 
pion although ¢wo-pion and three-pion 
resonances may play 8 part (§ 12.40). | int 
Tt is of interest that these are all bosons. with regard t S pee 

20.32. The possibility has been sug- consequently is at present In ín n J 

gested that there may bea field particle golution to the problem may W ave 
* For conversion into electron masses, the “mass” in MeV is divided by 0.511 or, approxi- 


mately multiplied by two: a s z 
1 a used dors actor” implies & spin of unity and negative parity. 
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to await the availability of new accel- 


erators capable of producing particles 
of very high energy. 


CONSERVATION Laws 


20.33. The behavior of the ele- 
mentary particles is restricted by a 
number of conservation laws or invari- 
ance principles. That is to say, certain 
properties or representative physical 
quantities must remain unchanged in 
any process in which the particles may 
be involved. Three of these laws, that 
apply to all types of interactions, are 
well known in classical physics, namely, 
the conservation of energy, of momen- 
tum, and of angular momentum, When 
dealing with high-energy particles, 
moving with high velocities approach- 
ing that of light, the energy equivalent 
of the mass (§ 3.73 et seq.) must, of 
course, be included when considering 
the conservation of energy. 

20.34. Other conservation laws, 
which also appear to hold for strong, 
weak, and electromagnetic interac- 
tions, involve electric charge, baryon 
number, and lepton number. That 
charge is conserved in all processes has 
long been accepted as axiomatic, and 
no exceptions are known. Thus, when 
a positive charge is produced, there is 
always an equivalent negative charge, 
and vice versa, Furthermore, the dis- 
appearance of a charge of one sign 
must be accompanied by the disap- 
pearance of an equivalent charge of 
the opposite sign. No instance has been 
found in which a positive or a negative 
charge alone is ever produced (or 
lost). Thus, there must always be a 
balance between the net electrical 
charge of a system before and after 
undergoing any process. 

20.35. The baryon number is defined 
as the net number of baryons. All nor- 


tii 
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mal baryons, such as neutrons, pro- 
tons, and hyperons, and baryonic 
resonances have a baryon number of 
+1; the corresponding antiparticles 
have a baryon number of —1. Mesons, 
however, all have a baryon number of 
zero. In practical terms, the baryon 
number, apart from its sign, is equal 
to the number of nucleons present or 
to the number into which a particle 
ultimately decays. In a sense, it is 
equivalent to the conventional mass 
number of a nucleus. The law of con- 
servation of baryons states that the 
net baryon number in any process 
always remains unchanged (or is in- 
variant); in other words, the total 
number of baryons in a given system 
remains constant, 

20.36. An interesting example of the 
conservation of baryon number (and 
of charge) is the formation of an anti- 
proton by the interaction of a high- 
energy proton with another proton, 
e.g., in a photographie emulsion or a 
bubble chamber. The interaction must 
take place by the mechanism 


p+p>P+p+p +p, 


where p is a proton and p an anti- 
proton.* Since each proton has a 
baryon number of +1 and the anti- 
proton —1, the net baryon number is 
seen to be +2 both before and after 
the interaction. -Furthermore, the net 
electrical charge is also +2 since the 
proton has a single positive charge and 
the antiproton one negative charge. It 
is seen that in the reaction leading to 
the production of an antiproton a 
proton must be formed at the same 
time, to conserve both baryon number 
and charge. The minimum energy re- 
quired is thus equivalent to twice the 
rest mass of the proton, i.e., 1.88 GeV. 
For the reaction to take place between 


over the symbol for the corresponding par- 
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an accelerated proton and another that 
is virtually at rest, the kinetic energy 
of the former must exceed 5.6 GeV, 
as stated in § 9.5. 

20.37. A conservation law also ap- 
plies to the lepton number, i.e., to the 
net number of leptons involved in a 
reaction. The ordinary (negative) elec- 
tron, negative muon, and neutrinos 
all have a lepton number of +1; the 
corresponding antiparticles, i.e., posi- 
tron, positive muon, and antineutrinos, 
have a lepton number of —1. Two 
simple examples of the conservation of 
leptons may be quoted. The first is the 
conversion of a neutron into a proton 
plus an electron, as in beta decay 
(§ 8.51); the process is 


no>pte ty» 
Charge 0 +1 -1 0 
Baryon number +1 +1 0 0 
Lepton number 0 0 +1 -1 


where 7 represents the antineutrino. It 
is seen that charge and baryon number 
are conserved, as well as the lepton 
number. 

20.38. The second example of lepton 
conservation is the decay of a negative 
muon into an electron, namely, 


uc —edcT»c» 
Lepton number +1 +1 +1 -1 


For lepton conservation the products 
must include both a neutrino and an 
antineutrino (cf. § 20.64). The appar- 
ent inability of the muon to decay 
into an electron and gamma rays 
(u- — e- + y), although theoretically 
possible, suggests that there is separate 
conservation of electron-leptons and 
muon-leptons. If this is so, the neutrino 
in the decay of the negative muon 
must be associated with the muon, and 
the antineutrino with the electron. It 
will be seen in § 20.66 that there is 
good evidence for the existence of dis- 


tinct electron- and muon-neutrinos and 
their respective antiparticles. 

20.39. Attention may be called to 
the fact that there is no law of conser- 
vation of mesons. Consequently, such 
particles can be produced or removed 
without restriction. This is also true 
for photons, and it is probably a gen- 
eral characteristic of field particles. 
Although there are no limitations con- 
cerning meson formation (or loss) in 
weak interactions, there are other 
factors which determine their produc- 
tion in strong interactions (§ 20.45). 
There is, nevertheless, no balance re- 
quired between the numbers of mesons 
before and after a given process, apart 
from energy conservation ‘and spin and 
parity considerations. 

20.40. Since strong interactions can- 
not involve leptons, it is evident that 
the conservation of leptons has no 
significance for such interactions. Simi- 
larly, there are conservation laws 
which are not applicable to weak inter- 
actions. A property that is conserved 
in strong interactions only is one 
known as isospin. The concept origi- 
nated with W. Heisenberg (§ 4.35) in 
1932, in connection with his suggestion 
that nuclei are made up of protons and 
neutrons. In attempting to account for 
neutron-proton attractive forces, he 
considered that, apart from electric 
charge, the proton and neutron might 
be regarded as two states of the same 
basic entity; these states could then 
be distinguished by giving them quan- 
tum numbers of opposite sign. In 1937, 
E. P. Wigner (§ 11.104) introduced the 
name isotopic spin to represent the 
appropriate property, although it has 
no connection with isotopes and it is 
not strictly an vixi e 

in is. Some physicists now use the 
uth isobaric spin, because the related 
states, such as the neutron and proton, 
do indeed have similar masses. The 
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more noncommittal terms I-spin or 
isospin are now commonly employed, 
however, and the latter will be adopted 
here. 

20.41. As stated above, the isospin 
is not a true (or intrinsic) spin, but the 
mathematics that describes true spin 
states, such as those of an electron or 
proton, can be applied to the isospin 
states of different charge (§ 20.127). 
The electron (or proton), for example, 
has an intrinsic spin of 14; in a mag- 
netic field, two projections, +14 and 
—, are possible, according as the 
particle aligns itself with its spin axis 
in the same direction as or in the op- 
posite direction to the magnetic field 
(§ 4.91). In general, if J is the intrinsic 
spin of a particle, the number of pos- 
sible orientations (or states) in a mag- 
netic field is 27 + 1, with individual 
spin components (or projections) of J, 
J—-1J—2,...,-(0 —0, -J. 

20.42. In an analogous manner, a 
nucleon is assigned an isospin of 4, 
and if there were no means of observing 
electrical charge, the proton and neu- 
tron would be equivalent. In an elec- 
tromagnetic field, i.e., under the elec- 
tromagnetic interaction, two charge 
states, with isospin components of 
7-14 and — 14, can be distinguished as 
the proton and neutron, respectively. 
The isospin concept has been extended 
to other groups of related particles, 
such as the pi-mesons. If J is the iso- 
spin quantum number, then there will 
be a group (or multiplet) of 21 + 1 dif- 
ferent charge states.* All members of 
the multiplet have the same isospin 7, 
but the component in a given direc- 
tion, represented by J; (or I,), is differ- 
ent for each member. The possible 
values of Is are J, I — 1,1 —2,.. ey 
-—(I -— 1), -I. 
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20.43. In the case of the nucleon 
duplet, I is 14; and the 27 +1=2 
possible values of I; are 4-14 (proton) 
and —% (neutron). For the pions, 
I — 1 and so there are 27 4-12 3 
charge states. The triplet consists of 
the z+ (positive), 7° (neutral), and 77 
(negative) particles, and the J; com- 
ponents are +1, 0, —1, respectively. 
If I is zero, as it is for some particles, 
then 27 + 1 is 1, and there is only one 
(singlet) charge state with J; = 0. 
There may, however, be a particle and 
an antiparticle, both of which have 
I = 0 and I; = 0. As illustrated by the 
7* and m~ mesons, the J; values of a 
particle and its antiparticle are equal 
numerically but opposite in sign. 

20.44. The importance of the isospin 
quantum number is that it is conserved 
in strong interactions, but not neces- 
sarily in other interactions. Conse- 
quently, isospin numbers are asso- 
ciated only with hadrons, i.e., mesons 
and baryons and their resonant states, 
but not with leptons. Since the latter 
do not participate in strong interac- 
tions, the isospin has no significance 
for such particles. The isospin compo- 
nent J; is conserved in both strong and 
electromagnetic interactions, but not 
in weak interaction. Examples will be 
given later. 

20.45. In strong and electromag- 
netic interactions, a quantity called 
the hypercharge is also conserved. It is 
equal to twice the average charge of 
the members of a multiplet; hence, all 
2I + 1 members of a given multiplet 


have the same hypercharge. For ex- : 


ample, for the triplet «+, 7°, 7, the 
average charge is zero, and all three 
mesons have a hypercharge of zero. 
With the K-mesons, for which J is 14; 
there are two multiplets, one consisting 


* The use of I for the isospin is not likely to cause confusion with the same symbol employed 


for the 
obvious symbol J is more widely used. 


led spin of a nucleus (§ 12.72). Some writers represent the isospin by T, but the 


Elementary Particles 


of the particles K+ and K®, and the 
other of the. antiparticles K- and K*; 
the hypercharge of the former pair is 
thus +1 and that of the latter pair is 
—1. Although the definition given 
above provides some justification for 
the name hypercharge, an alternative 
convenient definition is that it is twice 
the difference between the actual 
charge and the isospin component I 
of a particle; thus, if Y represents the 
hypercharge and Q the charge, includ- 
ing the sign, then 


Y =2Q- I9. 


A particle and its antiparticle have 
opposite values of both Q and s; 
hence, the hypercharges will be nu- 
merically equal and opposite in sign 
or zero: 

20.46. Although hadrons can take 
part in strong intēractions and might 
be expected to have average lifetimes 
of about 10-28 sec, they, except for the 
resonances, have much longer lives. 
The reason is that decay by the strong 
interaction cannot take place because 
of the inability of hypercharge to be 
conserved. Consequently, the decay 
must occur by the weak interaction 
where conservation of hypercharge is 
not required.* Whether or not there is 
any significance to the fact is not 
known, but it has been found that in 
all cases of decay of a hadron by the 
weak interaction the hypercharge in- 
creases or decreases by one unit only. 
As with the isospin, the hypercharge 
concept is not applicable to leptons. 

20.47. From the historical stand- 
point, the hypercharge was preceded 
by a related quantity, called the 
strangeness for reasons which will be 
given in § 20.99. It is equal to the 


*'The proton is exceptional since it cannot deca; 

servation of baryon number; it is consequently stable. f 
used in a special e 

jant) as the result of a particular operation, 


t In this connection, the term symmetry is 
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hypercharge minus the baryon num- 
ber, B; thus, if S is the strangeness 
quantum number, 


S=Y-B=2Q-h)-B. 


Since the baryon number is always 
conserved, the strangeness, like the 
hypercharge, is conserved in strong 
and electromagnetic interactions. For 
mesons, the baryon number is always 
zero, and then the hypercharge and 
strangeness are identical. Although 
strangeness numbers are still to be 
found in the literature, their use ap- 
pears to be decreasing in favor of the 
hypercharge. The latter will, there- 
fore, be used in the remainder of this 
chapter. 


INVARIANCE PRINCIPLES 
AND SYMMETRIES 


20.48. It is probable that every con- 
servation law is related to a corre- 
sponding invariance or symmetryt 
principle; that is'to say, a system or 
quantity remains unchanged as the 
result of a particular operation (or 
operations), although the nature of the 
operation (or symmetry) is not always 
apparent. In the conservation of en- 
ergy and momentum, the operations 
are relatively simple. For example, 
conservation of energy (with mass) isa . 
manifestation of the invariance of a 
system as the result of a displacement 
in time; similarly, conservation of mo- 
mentum (linear or angular) is the 
consequence of an invariance under a 
displacement (translation or rotation) 
in space. The conservation of charge, 
baryon number, lepton number, iso- 
topic spin, and hypercharge are 880- 
ciated with abstract, rather than 
in any way without violating the con- 


sense; it implies that a system, 


state, or quantity remains unchanged (or invarian Y 
such as age id coordinates, or a set of operations performed in sequence. 
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physical, symmetries (or operations) 
that have no relation to actual space 
and time (see § 20.124 et seq.). There 
are three conservation principles, in 
particular, described below which are 
best considered from the standpoint 
of invariance (or symmetry) in which 
the operations can be expressed in 
physical terms. 

20.49. The conservation of parity 
principle requires that when a process 
is subjected to the operation of inver- 
sion (or reflection) in space, so that the 
signs of all its coordinates are changed, 
the resulting process will be indistin- 
guishable from the original one. In 
simple language, conservation of parity 
implies that if an event is possible, its 
reflection in a mirror represents an 
equally possible event. Until the mid- 
dle 1950s, the principle of parity 
conservation was accepted as a basic 
and inviolable law of physics. The 
results of observations on the decay 
of charged K-mesons (§ 20.86), how- 
ever, led T. D. Lee and C. N. Yang 
in the United States in 1956 to suggest 
that conservation of parity might not 
be applicable to weak interactions, 
such as the decay of muons, r- and 
K-mesons, and ordinary beta decay. 

20.50. In order to test the possibility 
that parity is not necessarily conserved 
in weak interactions, Yang and Lee 
proposed, among others, an experiment 
with the magnetic element cobalt in 
the form of the radioactive isotope 
cobalt-60, which emits negative beta- 
particles. In a collaborative effort 
among C.-S. Wu (Mrs. L. C. L. Yuan) 
of Columbia University and E. Ambler 
and his associates at the U. S. National 
Bureau of Standards, a sample of 
cobalt-60 was subjected to the action 
of a magnetic field at extremely low 
temperatures (0.01°C above absolute 
zero). As a result, the nuclear magnets 
were aligned preferentially parallel to 
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the field, with the nuclei spinning 
mostly in the same direction. 

20.51. It was observed that, in these 
circumstances, the great majority of 
the beta particles, resulting from the 
radioactive decay of the cobalt-60 
nuclei, were emitted in one particular 
direction. If parity were conserved, 
then the decay process and its mirror 
image would both be possible. The 
decay of a spinning cobalt-60 nucleus, 
with the beta particles emitted mainly 
in the upward direction, is shown at 
the left of Fig. 20.4, and the mirror 


PARITY 
MIRROR 


BETA 
PARTICLES 


AXIS 


Fic. 20.4. Beta decay of a cobalt-00 
nucleus in a magnetic field (left) with 
mirror image (right). 


image of the process is at the right. 
elt is clear that the reflection does not 
represent a possible process. Since the 
cobalt-60 nuclei are spinning in the op- 
posite direction, the beta particles in 
the mirror image would be emitted pre- 
dominantly downward. Consequently, 
parity is not conserved in the decay 
of cobalt-60. For conservation of parity 
to hold, the beta particles would have 
to be emitted equally in both direc- 
tions along the spin axis. But this 18 
certainly not the case. It is of interest 
that Wu and Ambler, and C. J. Gorter 
(8 4.105) independently, and their re- 
spective collaborators found that the 
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positive beta-emitter ‘cobalt-58 showed 
the same general effect as cobalt-60, 


but the particles were now expelled: 


mainly in the opposite direction.* 

20.52. Back in 1929, H. Weyl had 
shown that, for an uncharged particle 
of zero mass, the quantum electro- 
dynamics equations of P. A. M. Dirac 
(§ 2.65) had two possible solutions, 
which would require such a particle 
and its antiparticle to have opposite 
spins when traveling in the same direc- 
tion. This would mean that the mass- 
less uncharged particles would have 
the property of what is now called 
positive or negative helicity, i.e. of 
being either right-handed or left- 
handed, respectively. Some two or 
three years later, W. Pauli (§ 8.51) 
rejected Weyl’s solutions as being 
physically inadmissible because the 
possession of definite helicity (or 
handedness) would violate the prin- 
ciple of conservation of parity. Early 
in 1957, soon after the announcement 
of the remarkable results obtained in 
the beta decay of cobalt-60, Lee and 
Yang in the United States, L. Landau 
in Russia, and the Pakistani physicist 
A. Salam in England independently 
revived the work of Weyl. It was 
shown that if the neutrino and anti- 
neutrino both exist and have zero 
mass (and charge) and definite helic- 
ity, any process involving these par- 
ticles must inevitably fail to conserve 
parity. 

20.53. According to the foregoing 
theory, the direction in which a neu- 
trino (or an antineutrino) spins is 
Specifically determined by its direction 


* It is of interest that observations on the polarization of 
1929 by R. T. Cox and his student C. T. Chase at, 
preted as indicating the nonconservation of parity in beta decay, 


at the time. 


it the neutrino ana antineutrino E bave o 
travel, like the pl ton qu. yelocity o ge i 
decay and those associated with muons ($ 20.67). 


TA still unsolved problem is 
neutrino accompanying beta 


of light. 
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of motion: When traveling in the same 
direction, the neutrino and antineu- 
trino will have opposite spins. From 
the results of experiments on beta- 
particle emission, it appears that the 
neutrino is analogous to a left-handed 
screw, as indicated in Fig. 20.5 (left), 
whereas the antineutrino is like a right- 
handed screw (Fig. 20.5 right). 


DIRECTION OF MOTION 


NEUTRINO ANTINEUTRINO 


Fro. 20.5. Distinction between neutrino 
and antineutrino, 


It is apparent, therefore, that reflec- 
tion in a mirror would convert a 
neutrino into an antineutrino, and 
vice versa. Consequently, parity can- 
not be conserved in any process in 
which a neutrino (or an antineutrino) 
is involved, since the mirror image of 
the process would inevitably not be 
possible. 

20.54. From studies of the decays 
of pions into muons and of muons into 
electrons, it has been concluded that 
parity is not conserved also in these 
weak interactions (§ 20.72). It is gen- 
erally agreed, therefore, that the prin- | 
ciple of conservation of parity is 
applicable only to strong and electro- 
magnetic interactions but not to weak 
interactions. In the latter, the parity 


beta particles, made in 1928 and 


at New York University, would now be inter- 


although this was not 
then according to relativity theory they 
the neutrino and anti- 
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may or may not be conserved, but it 
is immaterial whether it is or not. 
20.55. In simple terms, the principle 
of charge conjugation symmetry requires 
that when the sign of the charge (and 
current) of a particle is changed, it 
should be converted into its corre- 
sponding antiparticle. If charge con- 
jugation symmetry is applicable, a 
given process (or event) should be 
indistinguishable from one involving 
the corresponding antiparticles. Al- 
though parity is not conserved in weak 
interactions, it appeared possible that 
such interactions might be invariant 
to a combination of parity (P), ie., 
reflection, and charge conjugation (C) 
operations, represented by CP or PC 
since the order is immaterial. This 
would mean that, although the reflec- 
tion of the decay of cobalt-60, as 
shown at the right of Fig. 20.4, does 
not represent reality, it would if the 
charge conjugation operation were per- 
formed on the reflection. The hypo- 
thetieal situation as a result of the CP 
operation, as indicated at the right of 
Fig. 20.6, should thus be possible. 


NEGATIVE P 


[^ POSITIVE 
BETA-PARTICLES MIRROR BETA-PARTICLES 


toc; (e 


SPIN 
AXIS 


Fig. 20.6. Beta decay of a cobalt-60 
nucleus in a magnetic field (left) and conse- 
quence of CP operation (right): 


Whether such is or is not the case 
cannot, of course, be determined, since 
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anticobalt-60, with a nucleus made up 
of antiprotons and antineutrons, does 
not exist. It may be mentioned, how- 
ever, that observations on K-mesons 
made in 1964 (§ 20.90) have indicated 
that the CP symmetry may be violated 
to a small extent in some weak inter- 
actions. This result has an implication 
in connection with another symmetry, 
as will be seen shortly. 

20.56. In 1957, when the failure of 
parity conservation was verified ex- 
perimentally, it was assumed that the 
CP symmetry would still be applicable. 
Consequently, it was concluded that 
charge conjugation symmetry would 
also be violated in weak interactions. 
Independent proof that this was indeed 
the case was provided by the work of 
G. Culligan and his associates at the 
University of Liverpool in England 
and by K. M. Crowe and his coworkers 
at the University of California, Berke- 


ley, carried out independently around . 


1959. The results showed that the 
electrons emitted in the decay of nega- 
tive muons have spin axes pointing in 
the opposite direction to that of the 
positrons emitted in positive-muon 
decay. If the process had been in- 
variant to charge conjugation, the spin 
axes would both have pointed in the 
same direction, or there would have 
been no preferred direction. It appears, 
therefore, that neither parity conser- 
vation nor charge conjugation sym- 
metry is applicable to weak inter- 
actions. Both are expected to hold, 
however, in strong and electromag- 
netic interactions. 

20.57. A third symmetry operation 
which has been regarded as invariant 
is that of time reversal (T); this means 
that events on an atomic or subatomic 
or, in general, on a particle scale should 
be exactly reversible. If a motion pic- 


ture film were made of an event of this. 


U Oe ei. a 
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general rule, if the mass (or energy) 
difference is large, the decay process 
will tend to take place more rapidly 
than if the difference is small. 


kind, e.g., particle formation or decay, 
the event would appear to be equally 
possible regardless of whether the film 
is run forward or backward.* 

20.58. Even though the CP sym- 
metry may be violated (or broken) in 
weak interactions, the basic postulates 
of quantum field theory combined with 
relativity require that all interactions 
should be invariant under the combi- 
nation of C, P, and T, i.e. the CPT 
operation. If this is true, then the 
broken CP symmetry in certain weak 
interactions means that the time re- 
versal symmetry is also violated. Only 
in this manner. could an event be in- 
variant to CPT. It is possible that 
some way will be found out of the 
situation, e.g., the existence of a new 
principle that is yet unknown, but if 
not, the breakdown of time reversal 
symmetry has fundamental implica- 
tions in connection with cosmology 
and the special theory of relativity. 


Formation AND DECAY 
or PARTICLES 


20.59. The conservation laws or in- 
variance principles, in general, deter- | 
mine whether a given particle process, 
ëg., formation or decay, can occur or 
not. The first requirement is that 
energy shall -be conserved. Particle 
formation is usually accompanied by 
an increase in the rest mass; the differ- 
ence must then be supplied by the 
energy of the accelerated projectile, 
e.g., a proton. Conversely, if a particle 
is to decay in a certain manner, its rest 
mass must exceed the total mass of the 
products. The excess mass then ap- 
pears in the form of an equivalent 
amount of energy, as in ordinary 
nuclear reactions (cf. $ 10.25). As a 


* It should be, emphasized that time T 
particle scale and not to those on the conventio! 
tal behavior of very large numbers of particles. 
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20.60. If any decay is conceivable in 


which the foregoing mass requirement 
is satisfied, then that mode of decay 
will occur, to some extent at least, 
provided other conservation require- 
ments are not violated. The same is 
true for particle formation reactions 
in which the necessary energy is avail- 


able. If possible, a process will take 


place preferably by the strong inter- 
action, since this involves the shortest 
time interval. Next in order of prefer- 
ence is the electromagnetic interaction, 
but if all the conservation requirements 
„cannot be met, then the process will 
occur by way of the weak interaction. 


20.61. A final point is in connection 
with the conservation of momentum. 
A consequence of this requirement is 
that a particle must decay into at least 
two others; they then travel in such 
directions and with such velocities that 
momentum can be conserved. Con- 
versely, two particles can combine to 


APPLICABILITY OF INVARIANCE 
REQUIREMENTS 


Electric charge Yes Yes Yes 
on number Yes Yes Yes 
Electron lepton number N.A. Yes Yes 
Muon lepton number N.A. Yes Yes 
Isospin (I) Yes No No 
Isospin Component (n) Yes Yes No 
Hypercharge Yes Yes No 
Parity (P) Yes Yes No 
Charge conjugation C) Ye ? No 
Pa e 
'es 
PT p Yes Yes Yes 


to events on the 
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form a single particle and still conserve 
momentum, provided certain mass and 
energy conditions are satisfied. Of 
course, more than one particle may be 
produced by thé interaction of two 
others. 

20,62. For convenience, the conser- 
vation (or invariance) laws which must 
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be obeyed by the three main types of 
interaction of interest in particle phys- 
ies are summarized in the table. The 
letters N.A. imply that the particular 
conservation is not applicable. Since 
the conservation of energy and of 
momentum (linear and angular) are so 
well known, they are not included. 


PROPERTIES OF THE PARTICLES 


PROPERTIES OF LEPTONS 


20.63. There are eight known lep- 
tons, namely, the electron neutrino, 
the muon neutrino, the negative (ordi- 
nary) electron, and the negative muon, 
and their antiparticles. Sufficient has 
already been said about the electron 
neutrino and antineutrino (in Chap- 
ters 8 and 19) and about the electron 
and positron; consequently, further 
discussion of these particles is not re- 
quired. This section will therefore be 
devoted to a review of the production 
and properties of the muon and its 
neutrino. The main characteristics of 
all the leptons are summarized, how- 
ever, in the table below. 2 

20.64. In the free state, most muons 

: decay in a short time with the produc- 
tion of an electron of the same sign 
and two other neutral particles. Al- 
though the latter produce no tracks in 
a particle chamber or in a photographic 
emulsion, the continuous energy spec- 
trum of the electrons shows that it 


must be accompanied by two particles, 
There must be at least one such neu- 
tral particle to permit conservation of 
momentum, but if there were only 
one, the accompanying electron would 
have a single energy instead of a con- 
tinuous range of energies. The two 
neutral particles produced in muon 
decay are undoubtedly a neutrino and 
an antineutrino. If these two particles 
are related, then it is to be expected 
that, after emission, they would fre- 
quently annihilate each other produc- 
ing gamma rays. However, very rarely, 
if ever, are gamma rays found to 
accompany muon decay. 

20.65. A possible explanation is that 
the neutrino and antineutrino pro- 
duced in the decay of muons belong 
to different leptonic groups. If this is 
the case, the decay processes would be 
represented by 


wae +H +d, 


and u* — et + , 4- vo 


CHARACTERISTICS OF THE LEPTONS 


5j "uon Electron 
epton Lepton 
Particle — Spin = Number Number 
LN A +1 — 
ut f =I E. 
e — 
e i LONG: 
Ya Li 41 Pe 
Js -1 -F 
na = +1 
9», 1j -— -1 


Mass Mean Life Decay 
(MeV) (sec) Products 
105.66 2.20 X 10-* € v, 9. 
105.66 2.20 X 107* et Py ve 
0.511 Stable T 
0.511 Stable 30 
0 Stable T4 
0 Stable e 
0 Stable Tx. 
0 Stable — 
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where v, (or 7,) and v, (or z;) represent 
muon-neutrinos (or -antineutrinos) and 
electron-neutrinos (or -antineutrinos), 
respectively. It is seem that in these 
equations the muonie and electronic 
lepton numbers are both conserved, 
88 required. 

20.66. In order to obtain direct evi- 
dence for the two different types of 
neutrinos, L. M. Lederman and his 
associates at Columbia University 
made the following experiment at the 
Brookhaven AGS (§ 9.88). A beam of 
15-GeV protons struck a target of 
beryllium, thereby producing.a strong. 
beam of positive and negative pions. 
After traveling a certain distance, ac- 
tually about 20 meters (66 feet), in 
air, about 10 percent of the pions had 


` decayed into muons plus neutrinos or 


aptineutrinos ($20.79). The narrow 
beam of particles was then passed 
through 13.5 meters (44 feet) of steel, 
which only the neutrinos (and anti- 
neutrinos) could penetrate. The latter 


. then entered a spark chamber. 


20.67. If the neutrinos are the same 
as those associated with electrons, they 
should be able to interact with neu- 
trons and protons in the plates of the 
Spark chamber to produce electrons 


and muons in roughly equal propor- . 


tions. On the other hand, if the 
neutrinos accompanying the decay of 
pions into muons are different, the 
only possible interactions would be 


»Hnp tu 


and 5» cp nda, 


leading to the formation of muons but 
no electrons.* An examination of the 
Spark-chamber tracks showed that, 
With a few exceptions which could be 
accounted for by other reactions, only 
muons were present. This result proved 
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that the muon-neutrino (or -antineu- 
trino) is not the same as the electron- 
neutrino (or -antineutrino). Since the 
neutrino has no charge and probably 
no rest mass, the difference between 
the two types is difficult to under- 
stand. 

20.68. The most. common method 
for producing positive and negative 
muons in the laboratory is by the 
decay of the corresponding pions 
(§ 20.79). Muons are also formed to a 
small extent in the decay of K-mesons 
and some hyperons. Positive-negative 
muon pairs, like electron-positron 
pairs, can be generated by the action 
on matter of gamma rays of sufficient 
energy, at least twice the energy 
equivalent of the muon rest mass, i.e., 
2 X 105.6 = 211 MeV (see table). Be- 
cause of the great similarity to the 
electron, the negative muon is regarded 
as being associated with: matter and 
the positive muon with antimatter; 
there is no neutral muon. 

20.69. Early determinations of the 
mass of the muons in cosmic rays were 
made by utilizing the momentum, de- 
rived from the curvature of the tracks 
in a cloud chamber in à magnetic field, 
and the velocity obtained from the 
number of droplets per unit track 
length. An alternative procedure is 
based on the kinetic energy of the 
muon, estimated from the track length 
in a photographie emulsion, and the 
velocity determined from the grain 
density in the traek. An improved 
technique, with muons generated in 
the laboratory, involves a comparison 
of the momentum, i.e., curvature of the 
particle-chamber track in a magnetic 
field, and the energy, i.e., range in à 
photographie emulsion, with the cor- 
responding values for a proton. In this 
way, the muon mass is obtained rela- 


* Although it is not generally done in the literature, the positive sign is added for clarity 


the symbol p for 
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tive to that of the proton, which is, of 
course, well known. Perhaps the most 
accurate method for deriving the mass 
of the muon is by comparing the wave 
lengths, and hence the energies, of the 
muonie X-rays ($4.80) with those of 
the characteristic (electronic) X-rays 
of the same element. The ratio of the 
energies gives the mass of the muon 
relative to that of the electron. The 
rest mass of both positive and negative 
muons has been found to be 206.78 me; 
the equivalent energy (§ 20.31) is 
105.66 MeV. 

20.70. The average (or mean) life of 
the free muon was originally inferred 
from the decrease in the number of 
cosmic-ray muons during their passage 
through the atmosphere. Later, a more 
direct method was developed for posi- 
tive muons generated from pions pro- 
duced by means of accelerators. The 
average time delay was determined be- 
tween the ‘arrival of the muons at a 
detector and the subsequent produc- 
tion of positrons at another detector 
a suitable distance away. The average 
life of positive muons was found in this 
way to be 2.20 X 10-* sec, and nega- 
tive muons apparently have the same 
mean lifetime.* 

20.71. The value given above for 
the mean life of positive and negative 
muons is that in free space. In matter, 
the muons are slowed down as a re- 
sult of multiple Coulomb scattering 
(§ 10.95). The slowed down positive 
muons then decay in the manner de- 
scribed in § 20.64 with the normal 
average lifetime. Slow negative muons, 
however, may be captured in the outer 
energy levels of atoms and will undergo 
a series of transitions until they reach 
the lowest level (§ 4.77 et seq.). The 
negative muon may then actually 
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free space, the muon will interact ke 
a proton in the nucleus, i.e., 4 


up» n» 


The energy released results in some 
disruption of the nucleus. The prob- 
ability of muon capture by a nucleus. 
increases with the atomic number o 
the latter, the probabilities of capti 
and free decay becoming equal whi 
the atomic number is about 12. 
sequently, in matter containing 
ments of atomic number less than. 
most of the negative muons will de 
with the normal muon lifetime, 
in the presence of heavier element 
they are preferably captured befo 
they can decay. 

20.72. The relatively long life of th 


decays by the weak interaction. 
is in harmony with the observatio 
that parity is not conserved, 8 
was concluded from the work 
L. M. Lederman, R. L. Garwin, 
M. Weinrich of Columbia Universit 
and of V. L. Telegdi and J. I. Friedma 
of the University of Chicago in 19 
A pulse of pions was produced 

bombarding a target with high-energ 
protons from a cyclotron; in flight, 
pions decayed into muons. If parit 
had been conserved in this decay, 
spin axes of the muons would hav 
had a random orientation; in fac 
however, the axis pointed predom 
nantly in one direction. This sh 
that parity is not conserved in 
pi-mu decay. Furthermore, when th 
polarized muons decayed, the electi 
were emitted preferentially in the 
rection opposite to that in which 


($ 5.46). 
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spin axes were pointing. When the 
direction of the spin axis was altered 
by means of a magnetic field, the emis- 
sion of electrons was changed cor- 
respondingly. If parity had been con- 
served, there would have been no 
preferred direction of electron emis- 
sion. It was thus established that the 
conservation of parity was not 'ap- 
plicable to the decay of the muon. 

20.73. Because of its larger mass, 
the muon must inevitably decay into 
an electron. But apart from its mass, 
and consequent relative instability, the 
muon is remarkably similar to its cor- 
responding (negative or positive) elec- 
tron. In fact the muon has been called 
a “heavy electron.” The charge on the 
muon is identical with the electronic 
charge and like the electron it has an 
intrinsic spin of 14. Furthermore, the 
observed magnetic moment of the 
muon, 1.00116 Bohr magnetons, is 
the same as that of the electron and 
agrees with the value calculated by 
quantum electrodynamics (§ 4.89). In 
view of this similarity between the 
muon and the electron, the question 
has been asked: What is the purpose 
of the muon in nature? So far, how- 
ever, there is no answer. 

20.74. In concluding this section on 
leptons, it is appropriate to say some- 
thing about the search for the W-boson 
(§ 20.32). The basic idea is that a 
muon-neutrino of sufficient energy 
would react with a proton in the fol- 
lowing manner: 

y+ pt pt+Wrte- 
This reaction assumes that the 
W-boson, like the other known field 
particles, is not necessarily conserved. 
It is the conservation of muonie lep- 
tons, however, which requires the 
muon produced to be p~; the W-par- 
ticle must consequently be W+. The 
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latter would then decay within a very 
short time; thus, 


W+ — et + ve or pt + »,. 


An electron-neutrino is expected to 
interact in a similar manner to yield 
Wt +e, followed by decay of the 
W*-partiele. Correspondingly, anti- 
neutrinos would generate the W-- 
particle, which would subsequently 
decay into an electron (or muon) and 
an antineutrino. 

20.75. In the experimental tests, a 
beam of high-energy muon-neutrinos, 
produced in the decay of energetic 
pions, is allowed to enter a spark or 
bubble chamber. If a W*-boson is 
formed and decays very rapidly, as in- 
dicated above, essentially simultaneous 
production should be observed of a 
u--&* or a p+ pair. Another tech- 
nique is to study the scattering of the 
positive muon which should be formed 
in the decay of the Wt-particle. Be- 
cause of the large mass of the W-boson, 
the muons should be scattered through 
large angles. So far no evidence has 
been obtained for the formation of 
W-particles. If this failure is simply 
due to the limited energy capabilities 
of the available particle accelerators, 
then the rest-mass energy of the 
W-boson must exceed 2 GeV. On the 
other hand, it is possible that the 
W-particle does not exist (§ 20.32). 


Proprrties OF PI-MESONS 


20.76. The characteristics of the pi- 
mesons are consistent with an isospin 
of 1; the three Is component values 
are +1(r*), O(n), and —1(r-). The 
at is regarded, like the normal (posi- 
tive) proton, as being a matter par- 
ticle, whereas 7- is the corresponding 
antiparticle. Since the average charge 
of the pion triplet is zero, each member 
has a hypercharge of zero. It should be 
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noted that the neutral pion (x?) is its 
own antiparticle; in other words, there 
is no 7° particle which can be distin- 
guished from 7° (cf. § 20.96). 

20.77. Pions—positive, neutral and 
negative—are readily produced by the 
interaction of high-energy protons (or 
other charged particles) with nucleons; 
they can also be obtained by the 
action of photons of sufficient energy 
on matter (§ 20.12). Furthermore, pi- 
mesons are commonly formed in the 
decay of K-mesons, hyperons, and 
resonant states. Since there is no re- 
quirement for the conservation of 
pions, there is no limitation on their 
formation even in strong interactions. 
This is consistent with their hyper- 
charge value of zero; thus, hypercharge 
can be conserved regardless of the 
number of pions formed (or removed) 
in any process. 

20.78. The mass of the charged pion 
can be determined by methods similar 
to those used for muons (§ 20.68); 
positive and negative pions have the 
same mass, namely, 273.2 m, or 139.58 
MeV. The mass of the neutral pion is 
derived from the energy of the two 
gamma-ray photons into which it de- 
cays. Alternatively, it can be calcu- 
lated from the velocity (or energy), 
measured by the time-of-flight tech- 
nique (§ 9.101), of the neutron released 
in the reaction between a negative 
pion and a proton, i.e., 


a b ptm m, 


in which a neutral pi-meson is gener- 
ated, This experiment gives the differ- 
ence in mass between a negative and 
a neutral pion. The mass of the 7° is 
found to be 134.97 MeV, i.e., 4.61 MeV 
less than that of a charged pion. This 
difference is ascribed to electromag- 
netic effects (cf. § 20.132). 

, 20.79. Unless they have sufficiently 
high energies, e.g., above about 150 
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MeV, positive pions do not interact 
to any great extent with nuclei and 
they almost invariably decay into a 
positive muon and a neutrino; thus, 


Tt — pt + »,. 


Since y+ is an antiparticle, the v, must 
be a neutrino to conserve the muonic 
lepton number. The decay is, of course, 
a weak interaction and, as seen earlier, 
parity is not conserved. To a very small 
extent, about 0.01 percent, i.e., one in 
10,000, of positive pi-mesons decay by 
the reaction 


at—et+y; 


that is to say, the pion goes directly 
to an electron without the usual muon 
stage as an intermediate. If negative 
pions remain free long enough, they 
decay in analogous ways, i.e., 


77 — p d », and «7 — e o Y» 


20.80. Almost 99 percent of neutral 
pi-mesons decay into two gamma-ray 
photons, i.e., 


T yy 


In about 1.2 percent of the decays, 
however, the photon is converted into 
an electron-positron pair; this is called 
a Dalitz pair after R. H. Dalitz, the 
Australian-born physicist, working at 
the University of Birmingham, Eng- 
land, who discussed the phenomenon 
in 1951. The over-all decay process 18 
then represented by 


Poaytete. 


It is evident from the nature of the 
products that charged pions decay by 
the weak interaction, whereas with th 
neutral pi-meson the electromagnetic 
interaction is involved. This conclu- 
sion is in harmony with the observed 
lifetimes (§ 20.83). 

20.81. Slow negative pions are often — 
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trapped in the orbits of atoms, as ex- 
plained in § 4.79 et seq. Since the pion- 
nucleon interaction is a strong one, 
whereas that between a negative muon 
and a proton is weak, the probability 
of capture by the nucleus is much 
greater in the former case. Conse- 
quently, most trapped negative pions 
are captured by nuclei, regardless of 
the atomic number, before normal 
decay can take place. As a result of 
the energy liberation, the nucleus is 
usually disintegrated, as is evident 
from star formation, seen either in a 
particle-track chamber or a photo- 
graphic emulsion (cf. Fig. 20.2). These 
stars usually have one, two, or three 
prongs; occasionally the number is 
larger, but stars with six (or more) 
prongs are rare. The nuclear disinte- 
gration products are mainly protons, 
alpha particles, and neutrons, the 
latter leaving no tracks. In some 25 
percent of the captures, the negative 
pion produces no visible effect, and it 
is believed that interaction occurs with 
a nuclear proton to form a neutron, i.e., 


7-7 + pt (in nucleus) — n + energy. 


The conservation of momentum re- 
quirement is met by the distribution 
of the energy among the other nucleons 
in the nucleus. 

20.82. When a negative pion is cap- 
tured by a free proton, ie., one not 
part of a complex nucleus, two par- 
ticles must be formed to conserve mo- 
mentum. In addition to the formation 
of the neutral pion, as indicated in 
§ 20.78, the reaction 


rtptonty 


takes place. It is of interest that the 
deuteron behaves in a manner inter- 
mediate between a free proton, on the 
one hand, and a more complex nucleus, 
on the other hand. The main reaction 
with negative pions is 
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7- 4-d*—mn-n, 


as with heavier nuclei, but the forma- 
tion of a gamma-ray photon, i.e., 


m+dtontn+y, 


also occurs to some extent. There is no 
evidence, however, that a neutral pion 
is produced from a deuteron. With 
negative pions of sufficiently high en- 
ergy, interaction with protons can 
lead to the formation of K-mesons, 
hyperons, and resonant states. 

20.83. The average life of positive 
pions has been determined by using à 
combination of detectors with time- 
delay circuits; the time elapsing be- 
tween the arrival of a pi-meson and its 
decay can thus be measured. By this 
technique, the mean lifetime of the - 
positive pion was found to be 2.61 X 
10-5 sec, in accordance with expecta- 
tion for a weakly interacting decay 
process. Because negative pi-mesons 
generally react with nuclei before they 
can decay, as seen above, the average 
life of these particles in the free state 
is difficult to determine; it is conse- 
quently assumed to be the same as for 
positive pions. The neutral pion has a 
much shorter lifetime, as anticipated 
for an electromagnetic decay. The 
value is estimated by indirect methods 
to be about 10- sec. The character- 
istics of the pi-mesons are given to- 
gether with those of the K-mesons in 
the table on page 826. 


Properties OF K-MESONS 


20.84. Beams of K-mesons can be 
obtained in the laboratory by the 
interaction of high-energy protons or 
pions with various atomie nuclei. The 
formation and reactions of kaons are 
also frequently observed in particle- 
track chambers and photographic 
emulsions. The decay of the 'K-mesons: 
is relatively complex and for some 


826 
years the situation was somewhat con- 
fused, but it has now been clarified. 
The accepted value of the isospin is 
14; hence, as with the proton-neutron 
duplet, two J; states, namely +14 and 
— should exist; these are associated 
with K+ and K?, respectively. In addi- 
tion, two corresponding antiparticles, 
analogous to the antiproton and anti- 
neutron, are expected; these are K- 
and K*, with I; values of —14 and 
+4, respectively. As seen in $ 20.45, 
the hypercharge of K+ and K? is +1, 
whereas that of the two antiparticles 
is —1. 

20.85. The K+- and K—mesons de- 
cay in at least six different modes, as 
indieated in the table; the over-all 
mean lifetime is 1.24 X 10-7 sec. Since 
it is impossible for the hypercharge 
to be conserved, all the decays are by 
the weak interaction. The most com- 
mon decay (63.4 percent) is into a 
muon and a neutrino (or antineutrino) ; 
next is the formation of one c 
and one uncharged pion (21.0 per- 
cent). Each of the other decay modes 
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occurs in less than 6 percent of the 
cases observed. 

20.86. The fact that charged K-mes- 
ons should be able to decay in several 
different ways is not remarkable (ef. 
§ 20.60), but a difficulty arose because 
what was at one time known as the 
theta (6)-meson decays into two pions, 
whereas the so-called tau (7)-meson de- 
cays into three pions. The two-pion 
decay mode has even parity, but the 
parity of the three-pion mode is odd. 
There is no doubt, however, that the 
theta and tau particles are both 
charged mesons with odd parity. It 
was difficult to understand, therefore, 
why the two-pion decay mode, which 
involves a change in parity, should 
oceur. The solution to the theta-tau 


problem as it was called, suggested by 


Lee and Yang (§ 20.49), is that parity 
conservation is not applicable to weak 
interactions. Since the decay of the 
K-meson is invariably by way of the | 


harged.| weak interaction, parity need not be 


conserved and the formation of the 
two pions is, therefore, not prohibited. 


CuanacrERISTICS or THE J? = 0- Musons* 


I-1 
at 139.58 | 2.61 
a 139.58 | 2.61 
7? 13497 | 0.89 

I=% 

Kt 493.82 | 1.24 
K- 493.82 | 1.24 
Ks 497.87 | 0.87 
Kı 497.87 | 5 


X107 | 3r, «*x725, & e (or u*)» 


Main Decay Products 
10 | ptv 
10 | av 
1075 | 2y 
107 | uty, mtr, Zrt, mutor e*)v, 2x 
10* | wv, xx, 2r7«*, m'u (or e^)», 2r — — 
1079 | rtro, y 


2y, ay, Ttr r", Bx 


* The symbol J? stands for the intrinsic spin (J) and pari SY 1 
i for | parity (P); Y is the hyperchargé 
No attempt is made to distinguish between muon and electron neutrinos or between neutrinos 


and antineutrinos, 


{For the weakly interacting Ks and Ky, the quantum numbers Y and T: have no signifi- 
cance; for K* they are +1 and —14, and for K' they are —1 and +14, respectively. 


20.87. An interesting situation arises 
in connection with the decay of the 
neutral K-mesons, a$ was predicted by 
M. Gell-Mann and A. Pais in the 
United States in 1955. Since K^ and 
K? have different values of the hyper- 
charge, +1 and —1, respectively, one 
cannot be converted into the other by 
the strong interaction. It can be shown, 
however, that K? can be transformed 
into K? by the weak interaction, e.g., 
by way of t’ + r? or wt + 77, pro- 
vided CP symmetry invariance is 
applicable to the operation.* This 
invariance will be assumed for the 
moment. According to quantum me- 
chanics, when a transition between 
two related states of similar energy, 
such as K^ and K°, is possible, the two 
states combine to form two “mixed” 
states. Consequently, in weak inter- 
actions, the K*- and K?-mesons will 
behave as if they were the two states 
K? and K3, represented by 


Ky = (Ke + K9/V2 
and Kj = (K*- K9/V2, 


where the symbols imply the respective 
wave functions (§ 8.74). 

20.88. Application of the CP opera- 
tion to K}, ie, converting K* to K’ 
and vice versa, changes it into Kj, i:e., 
K? is unchanged, but K? is changed 
into —K9, ie. the sign of the wave 
funetion is changed. 'This means that, 
if the decays are to be invariant under 
CP, the same respective situations 
must hold when the CP operation is 
applied to the decay products. It can 
be shown that decay of Ki into 
at ne or s? + 7° is permitted, since 
application of the CP operation leaves 
the wave function of the products un- 


* The original treatment was 
weak interactions; hence, it 
pected to apply (see, however, § 20.89). 
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changed. The Kj particle, however, 
cannot decay by these two-pion modes, 
although it can decay into three pions, 
ie, mt + a7 + «* or 325, because the 
CP operation changes the sign of the 
wave function of the products, as 
required. Other decay modes are also 
possible for the K3 form. 

20.89. The decay of a neutral K- 
meson into two pions is accompanied by 
a greater decrease in mass, and hence 
a larger energy release, than in the 
three-pion decay. Consequently, it is. 
to be expected that K? will decay 
more rapidly and have a shorter life 
than the K$ form. This prediction has 
been verified by experiment; the aver- 
age lifetimes are 0.87 X 10-!^ sec for 
K? and 5.7 X 107° sec for K}. A slight 
difference has been found in the masses 
of these two states; the K mass ex- 
ceeds that of the other form by about 
7 X10 eV. 

20.90. It will be recalled that the 
foregoing arguments are based on the 
supposition that CP is conserved in 
the decay of the neutral kaons. In an 
experiment made in 1964 by a group 
of physicists from Princeton University 
at the Brookhaven National Labora- 
tory, it was found that in about two 
instances in & thousand (0.2 percent) 
the so-called K3-meson decayed into 
two charged pions (* +17), although 
this mode is contrary to the require- 
ment of invariance under the CP oper- 
ation. It would appear, therefore, that 
the CP invariance principle, like the 
P and C invariances, is not applicable 
to weak interactions. Several possible 
alternative interpretations of the re- 
sults have been proposed, but none 
ap) to be convincing. The general, 
although not universal, opinion is that 


hold for 


based on C invariance, but this is now known. not to 
been modified to include the P operation, since CP was ex- 
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CP is not necessarily conserved in 
weak interactions. The implication of 
this conclusion for invariance under the 
time-reversal operation has been men- 
tioned in § 20.58. 

20.91. The violation of CP invari- 
ance in the decay of the neutral 
K-meson means that the mathemati- 
cal descriptions of K? and K} given in 
§ 20.87 must be modified somewhat. 
There is no doubt that there are two 
states with different lifetimes, but they 
are not precisely those indicated above. 
Consequently, the two stages of the 
neutral kaon are represented by Ks 
and Kr, where S and L, respectively, 
indicate the shorter and longer lives. 
The Ks state decays mainly (69.4 per 
cent) into ++ and «- and also into 27? 
(30.6 percent). About 37 percent of 
Kı decays are into x* + e* + v (or), 
some 27 percent into r*+y* +v 
(or 7), about 23 percent into 37°, and 
12 percent into r+ + m7 + z^. 

20.92. The existence of neutral kaons 
of shorter and longer lifetimes has some 
interesting consequences. In a beam of 
K'-mesons, produced by interaction of 
high-energy negative pions with pro- 
tons, the Ks-particle will decay very 
rapidly, leaving the K;-mesons at 
about half the original neutral kaon 
beam intensity, This conversion is 
demonstrated by the fact that the 
resulting particles can produce strong 
interactions which are characteristic 
of both K? and K, i.e., hypercharge 
+1 and —1, whereas the original beam 
gave only K’ strong interactions. If 
the Kı beam is allowed to pass through 
a Jayer of matter, e.g., a metal plate, 
the different strong interactions of K^ 
and K° cause the composition of the 
beam to change. As a result, some of 
the Ks state is regenerated, as shown 
by substantial rapid decay into two 
pions. 

20.93. Negative kaons are sometimes 
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captured in the orbits of certain aton 
especially heavy atoms. After a s 
time, the kaon interacts with one | 
other of the nucleons. In many c 
apart from scattering, interaction ol 
K--meson with a nucleon leads to tl 

formation of a hyperon plus a pion, as 
will be seen in the next section. If 
kaon has sufficient energy, a resona 
state may be produced. In the hea 
atoms capture of a K--meson 
result in complete disintegration of t 
nucleus as indicated by star forma 
in a photographic emulsion; the p: 
cles emitted are mainly protons, ne 
trons, deuterons, and alpha parti 


Tue ErA-MxsoN 


20.94. ‘The eta (5)-meson has a mut 
shorter lifetime, about 10-!? sec, tha 
the pions or kaons, but there seem: 
be good reasons for including it 
these particles which have the s 
(zero) spin and odd parity. The et 
meson, which exists only in a new 
form, was first observed in the reactii 
of energetic z^-mesons with deuterons 
in a liquid deuterium bubble cham! 
the reaction is 


a+ dt pt + pt +n, 


as indicated by measurements made 
the tracks. The isospin of the 


action into two gamma-ray photo 
(31.4 percent) and two photons pli 
neutral pion (20.5 percent). Other 
portant decays, which are by the w 
interaction, are into 3r° (21 percent! 
and rt + 7° + «- (22.4 percent). 


PROPERTIES oF HYPERONS 


20.95. The characteristies of 
known hyperons, together with th 
of the proton and neutron, are gi' 
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in the accompanying table of baryons. * 
Attention may first be drawn to the 
nature of some of the multiplets. It 
will be noted, for example, that the 
A’-hyperon, which is uncharged, exists 
in both matter and antimatter states, 
whereas the neutral mesons z^ and 7 
are their own antiparticles. The values 
of baryon number (B), charge (Q), and 
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Z-hyperon (Y = 0) triplet and the 
x-meson triplet. In the former case, 
there are three matter states, Zt, 2°, 
Z-, with B= +1, and three cor- 
responding antimatter states with 
B = —1. For the pions, on the other 
hand, B is zero, and there can be only 
one triplet. An interesting consequence 
for the Z-hyperons is that Z+ (Q = +1, 


CHARACTERISTICS OF THE Baryons* 


ee act ad Se ete isses sei 


Mass Lifetime 
Y Is (MeV) (sec) Main Decay Products 
Nucleons 
JP = yr 
I=% 
»*(p^) 1(-1 | X719 938.26 | Stable = 
n (ñ) i(-0 | -XCFY9 939.55 | 1010 per 
Hyperons 
JP = wr 
T=0 
AY (A9) 0(0) 00) 1115.6 2.5 X 10 pr^, ni? 
=] 
z*(Z-) 0(0) +1(-1) 1189.5 0.81 X 1071 pr, net 
zw) 0(0) 0(0) 1192.6 <1 X 10" Ay 
=-(2+) 0(0) —1(+1) 1197.4 1.65 X 107^ ne 
I= 
mi —1(+1) 14(—\%)| 1814.7 3.0 X 107 Ar? 
z-(£9 | —1(+1) | -4| 1321.2 1.74 X 10” Ar^ 
JP = t 
=0 
9-(ü* | —2(+2) | 00) 1674 1.5 X 107^ 


* The symbols and quantum numbers in parentheses apply to known or 


particles. 


hypercharge (Y) for particle and anti- 
particle are always equal numerically 
but opposite in sign. Hence, when B, 
Q, and Y are all zero, as they are for 
the r% and s-mesons, particle and 
antiparticle are identical. For A’, how- 
ever, although Q and Y are zero, B is 
+1 for the particle and —1 for the 
antiparticle; consequently, two differ- 
ent states are possible. An analogous 
situation arises in comparing the 


expected anti- 


B = +1) and = (Q = -1,B* T1) 
are not particle and antiparticle, and 
so they have different masses anı life- 
times. The antiparticle of 2+ is S- 
Q=-1, B= —1). The allocation 
of the negatively charged 27 and v 
as particles is required to give the 
correct values of the hypercharge. 
20.96. Hyperons are produced by 
the interaction of negative pl- 
K-mesons of sufficiently high energy 


resented by the following Greek capital letters: A (Lambda), 2 


ents, C ore rpm 
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with neutrons or protons. Some exam- 
ples of hyperon formation are the 
following.* 


a + pt— A? + KO 
IE + Kt 


K= + pt> 2t ae 
Sa K+ 


Hyperons invariably decay, either di- 
rectly or through an intermediate 
hyperon stage, into a neutron or a 
proton plus one or more pions. This 
is necessary for the conservation of 
baryons, If a A- or =-hyperon is 
formed in the first stage of the decay, 
as is the case for the Z^, E^, Z7, and Q- 
‘particles (or their antiparticles), then 
one or two further stages will be re- 
quired before the nucleon remains, It 
is the two-stage decay, of the E—hy- 
peron which led to its original name 
of cascade particle (§ 20.17), but this 
is no longer used as other hyperons 
decay in two or more stages, 

20.97. Asseen in § 11.9, the free neu- 
tron decays, with an average life of 
1010 see, into a proton and an electron. 
Consequently, these are the ultimate 
decay products of all particles other 
than the neutrinos. Apart from the 
photon (and possible graviton), there 
are thus only four apparently funda- 
mental particles, i.e., proton, electron, 
and the two neutrinos, and their anti- 
particles. The proton is stable because 
it cannot decay without violating 
baryon conservation; similarly, -the 


*'The hydi bubble chambi in Fi 
Es jenen sym ubble chamber tracks in Fi; 


slightly to the right, and collides with a 
to the right and the K--meson to the left. 
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charge conservation requirement pro- 
hibits the decay of the electron. Fi- 
nally, neutrinos are stable because 
they have zero mass and there is no 
lighter particle into which they can 
decay. 

20.98, The average lifetimes of the 
hyperons, except for Z° (and 5°), are 
all about 1Q-?° sec, showing that they 
decay by the weak interaction. The 
Z"-hyperon, however, decays by the 
electromagnetic interaction, into A? 
and a gamma-ray photon; the mean 
life is not known precisely, but it 
appears to be less than 1074 sec. 

20.99, Soon after the discovery of 
the hyperons it was realized that these 
particles were behaving in a strange 
manner, The reactions involved in the 
formation of hyperons—and, inci- 
dentally, also of kaons—occur readily 
and have large cross sections; conse- 
quently, it appears that the particles 
are produced in strong interactions. 
The decays, on the other hand, are 
always by way of weak or, in a few 
cases, electromagnetic interactions. This 
situation led to use of the expression 


“strange particles” to describe the 


K-mesons and hyperons. A clue to a 
possible explanation was indicated by 
A. Pais (§ 20.87) in 1952 when he pre- 
dicted that the so-called strange parti- 
cles are always formed in pairs. This 
effect, known as associated production, 
was confirmed, as is evident from the 
examples in § 20.96.1 The requirement 
for two strange particles to be pro- 
duced simultaneously seemed to imply 


ig. 7.17 show the formation and decay of the 
, meson enters at the top somewhat right of center; it moves downward, 
roton but does not interact. The proton is seattered 

After traveling a short distance, the scattered K~- 


meson Comes to rest and is Yo by a proton forming 2* and z~: The =~ moves diagonally 


downward to the left, while t| 


e Bt goes a short distance diagonally upward to the right. The 


latter particle then decays into a neutron, which produces no track, and a m+ which travels 


“orad i3 the left, thus giving a V-like event. 


than two) strange particles are produced; this 


parent exception arises in the formation of the (7 hyperon, in which three (rather 
is is in agreement, however, with a subsequent 


development of the associated production concept, i.e., hypereharge conservation, as will be 


Sern in due course, 
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some kind of conservation principle for 
strong interactions. But this conserva- 
tion is evidently violated in the decay 
of the strange particles, and so their 
decay must occur by weak or electro- 
magnetic interaction. 

20.100. In 1953, M. Gell-Mann 
($20.87) in the United States and 
T. Nakano and K. Nishijima in Japan 
suggested that the strong interaction 
involved a new kind of quantum num- 
ber, called the strangeness (§ 20.47). 
The strangeness was zero for non- 
strange particles, such as neutrons, 
protons, and pions, capable of under- 
going strong interactions, but for 
K-mesons and hyperons it had non- 
zero values. In recent years, the hyper- 


Q-—E + 
J 
Ao + 9° 


l 

ptc 
charge, which is equal to the sum of 
the strangeness and the baryon num- 
ber, has replaced the strangeness as 
the conserved quantity in strong inter- 
actions. In the formation of a hyperon 
(or kaon), the hypercharge is con- 
served, as the following examples show: 


a + pt— Ae TE 
Hypercharge 0 +1 0 +1 
and K- + pte + Kt. 
Hypercharge —1+1 -1+1 


Incidentally, in these and other reac- 
tions in which hyperons are formed, 
the isospin is also conserved, as re- 
quired for strong interactions. 


20.101. The only possible hyperon de- 
i K +p >r +K +R. 


Hypercharge -1 


Tsospin 


cay in which baryon number and strange- 
ness can be conserved is Z9 — A? + y. 
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But since isospin conservation is vio- 
lated, this process occurs as an electro- 
magnetie interaction, as seen above. 
The situation here is unique, however, 
among the hyperons because the Z- and 
A-particles happen to have zero hyper- 
charge. In all other cases, the hyperons 
must decay by the weak interaction, 
since hypercharge cannot be conserved. 
Whether the decay takes place in one, 
two, or three stages is determined by 
the empirical rule, to which no 
exceptions are known, that in weak 
interactions the hypercharge changes 
(increase or decrease) by one unit only 
(§ 20.46). An illustration is provided 
by one of the modes of decay of the 
Q--hyperon, as follows: 


change of Y from —2 to —1 
change of Y from —1 to 0 
change of Y from 0 to +1. 


20.102. The 2- (or Omega minus)- 
hyperon is of unusual interest because 
its mass, charge, hypercharge, and iso- 
spin were predicted on the basis of a 
theory of classifying the elementary 
particles (820.141). What made the 
Q-—hyperon so unusual was that, be- 
fore its discovery in 1964, all known 
particles had hypercharge values of 
+1, 0, or —1. The theory, however, 
required the -particle to have a 
hypercharge of —2, which it indeed 
has. Calculations indicated that the 
Q--hyperon should be formed by the 
reactions of K--mesons, having energy 
in excess of about 3.5 GeV, with pro- 
tons; the expected strong interaction 
would be 


+1 —2 +1. +1 
0.53. E 
It will be noted that, the formation of 
Q- must be associated here with two 
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other particles, K+ and K®, rather than 
with one only. The latter condition 
holds for the other hyperons since they 
have hypercharge values of zero or 
unity. T 

20.103. The experiment designed to 
detect the 2--particle was carried out 
at Brookhaven National Laboratory 
by allowing short bursts of 5-GeV 
K--mesons to enter a liquid hydrogen 
bubble chamber. Among the many 
events photographed was the one 
shown in Fig. 20.7; it is interpreted in 


Fic. 20.7. Representation of bubble- 
chamber event which led to the discovery of 
the Omega-minus particle, 


the following manner, A K--meson 
enters from the bottom ‘and interacts 
with a proton at the point a to yield 
a K'-meson, a K*meson, and the 
€--particle. The K"-meson, being uñ- 
charged, produces no visible track, but 
its probable path is indicated by a 
broken line, The K+-meson is deflected 
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to the left by the magnetic field in 
which the bubble chamber is located, 
whereas the 9- is deflected to the right. 
After traveling a short distance, dur- 
ing its lifetime of approximately 
1.5 X 107 sec, the Q—hyperon decays 
at point b into a =°-hyperon and a 
m~-meson. At c, the E"-particle decays 
into A? and 7°, but the latter imme- 


diately forms two gamma-ray photons. 


which appear to emanate from the 
Z^ decay point. These two photons 
then produce electron-positron pairs 
at the points d and e. Finally, the 
'A'-hyperon decays at point f into a 
proton and a v—-meson. 

20.104. The Z-- and Z--hyperons, 
and probably the Q--particle too, 
undergo strong interactions with neu- 
trons and protons, such as 


Itn A+ pt 
Z- + pt Ao + A. 


The A°-hyperon, which has zero hyper- 
charge and isospin, cannot do so, how- 
ever, since these quantities cannot be 
conserved. Consequently, the A? can 
attach itself to a nucleus and remain 
there during its normal lifetime. As 
stated in $ 20.18, the first hypernuclei 
of this type were discovered in photo- 
graphic emulsions exposed to cosmic 
rays. Subsequently, a total of about 
20 such nuclear species have been 
identified, mainly from the prongs of 
stars in emulsions bombarded by 
high-energy x--mesons or, better, 
K--mesons produced by means of 
accelerators in the laboratory. The 
interaction of a meson with a proton 
produces a A*-hyperon which is then 
trapped in a light nucleus to form a 
hypernucleus. 


and 


PROPERTIES OF HYPERNUCLEI 


20.105. The hypernuelei are repre- 
sented by such symbols as ?Be, which 
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would imply a "Be nucleus plus a 
hyperon, so that ten baryons are pres- 
ent. It is somewhat misleading, how- 
ever, to think of the PBe hypernucleus 
as simply a ™Be nucleus in which a 
A"-hyperon has replaced a neutron; the 
hypernucleus should rather be re- 
garded as *Be which has captured a 
A°-particle.* Hypernuclei of all the 
light elements, from hydrogen (ÅH) to 
nitrogen (‘{N), have been reported. In 
addition, in 1963, an international 
group of scientists working at the 
CERN laboratory (§ 7.107) reported 
evidence, from a star produced in a 
photographic film bombarded by K-- 
mesons, of a hypernucleus containing 
two A°-hyperons; the species formed 
was considered to be either \\Be or 
Be. A similar hypernucleus, tHe, 
was identified in the United States in 
1966, 

20.106. The average lifetime of a 
hypernucleus is usually in the range 
of 10-1! to 10^ sec, i.e., slightly less 
than that of a free A°-hyperon. Two 
modes of decay have been observed. 
In mesonic decay the hyperon may be 
regarded as undergoing its normal de- 
cay into pt + a or n^ + T’; the pro- 
ton or neutron may be expelled or it 
may remain in the product nucleus. 
Thus, examples of mesonic decay are 


Be >r- + pt + Be or = + "B. 


Nonmesonic decay, on the other hand, 
is equivalent to the interaction of a 
A'-partiele with a proton or @ neu- 
tron, i.e., 


A + ptont ptor A! +nontn. 


One nucleon is usually emitted whereas 
the other is held in the residual nu- 
cleus, Since a A°-hyperon does not 


* The reason for this subtle distinction is that the A? can occupy the same 
: iolating the Paul 


as & neutron |y in the nucleus without 
different kind of particle. 
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normally interact with a free nucleon, 
the nonmesonic decay of the hyper- 
nucleus is referred to as “stimulated” 
decay; that is to say, interaction with 
a nucleon is stimulated by the re- 
mainder of the nucleus. A conceptual 
mechanism is that the A? breaks up 
(virtually) into a nucleon and a 
7-meson, as in mesonic decay, but the 
pion is captured before it becomes free; 
thus, 


A pt (x + pt) + pton + pr 
or 
A? 4- n — (+n) +n n n. 


20.107. The binding energy of the 
A'-particle to the remainder of the 
hypernucleus ean be calculated from 
the kinetic energy of the decay prod- 
ucts as derived from the lengths of the 
tracks in a photographic emulsion, One 
or more neutrons are generally emitted 
in nonmesonie decays and since they 
produce no tracks, the kinetic energies 
cannot be determined. Hence, the 
binding energy of the A°-hyperon is 
generally obtained from mesonic de- 
cays. The values have been found to 
inerease fairly regularly with the 
atomie number of the hypernucleus, 
from 0.2 MeV in 2H to about 12 MeV 
in 4C and '{N. The very low binding 
energy in the former case can account 
for the nonexistence of #H, in which 
the binding energy would be still 
smaller, It is of interest that, in the 
heavier hypernuclei, the A'-hyperon is 
more strongly bound than a nucleon. 
‘As is the case with nucleons, the 
hyperon-nucleon force appears to be 
charge independent, i.e. it is about 
the same for a proton and a neutron, 
and is dependent on the spin (§ 12.23). 
juantum state 


i exclusion principle, since it is & 
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RESONANT STATES 


20.108. Most resonant (or unstable) 
states result from the strong inter- 
action of a high-energy meson ( or K) 
with a proton. In a few instances, 
interaction with a neutron or a deu- 
teron has led to the formation of 
resonant states. Two general methods 
have been used for detecting reso- 
nances, in spite of their extremely 
short lives. One is to measure the 
scattering cross section as a function 
of the energy of the incident meson; 
a plot of the results will indicate 
the formation of a resonant state 
(§ 20.109). The rest-mass energy of 
this state can then be calculated from 
the energy of the scattered particle 
corresponding to the cross-section 
maximum. The average lifetime of the 
resonance is estimated from the width 
of the resonance peak by using the 
uncertainty principle (cf. § 8.122). The 
full width of the peak at half the 
maximum height is equal to the un- 
certainty in the energy, AZ; the cor- 
responding uncertainty in the time, At, 
is then equal to the mean life of the 
resonant state. If AF is expressed in 
MeV and At in seconds, the product 
AE X At, which is equal to h/2z, is 
6.6 X 10-* MeV-sec. Suppose the peak 
width at half-maximum is found to be 
100 MeV, which is a fairly typical 
value; the mean life of the resonant 
state is 6.6 X 10/100 = 6.6 x i0-* 
sec, i.e., nearly 10-?* sec; 

20.109. The upper curve in Fig. 20.8 
shows the scattering cross sections of 
positive pions by protons; the max- 
imum of the resonant peak is at a pion 
energy of 195 MeV in the laboratory 
System, ie., with respect to the sur- 
roundings. When this is converted to 
the value in the proton-pion center-of- 
mass system (ef. $ 9.161 footnote), the 
rest-mass energy of the resonant state 
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is found to be 1236 MeV. The width 
of the peak at half-maximum is 120 
MeV, corresponding to an average life 
of about 5 X 10 sec. Such a short 


o 
m 
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Fig. 20.8. Cross sections for scattering of 
positive and negative pions by protons. 


800 


life clearly indicates decay by the 
strong interaction. The particular res- 
onance under consideration was at- 
tributed by K. A. Brueckner (§ 20.19) 
to a state with an isospin of 94. It was 
originally represented by the symbol 
N32, which was meant to imply an 
excited nucleon state with I = 34, but 
it is now designated A(1236). The iso- 
spin assignment is confirmed by the 
cross sections for the scattering of neg- 
ative pions by protons, indicated by 
the lower curve in Fig. 20.8; theory 
predicts that, in the formation of an 
I = $6 resonance, the maximum scat- 
tering cross section for z*-p should be 
three times as large as for a—-p. 
20.110. Measurements of the cross 
sections for the scattering of positive 
and negative pi-mesons with energies 
in excess of 300 MeV has revealed 
several additional resonances, Some of 
these are more prominent in the 
7* interactions, whereas others are 
more readily observed in the scattering 
of z--mesons. Tho masses of some of 
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the well established resonant states are 
1525, 1670, 1920, and 2420 MeV; the 
widths of the resonance peaks indicate 
mean lifetimes of about 10 sec in all 
cases. 

20.111. The second method of iden- 
tifying resonant states is based on a 
study of the energy distribution among 
the products, as determined from bub- 
ble chamber events. Suppose a high- 
energy particle A, eg, & kaon, 
interacts with a stationary particle B, 
e.g., a proton, in a bubble chamber to 
produce a particle C, e.g., a pion, plus 
a resonant state R. The latter then 
decays into particles D + E in such 
a very short time that it leaves no 
track. If the particles A, C, D, and E 
are all charged, the bubble-chamber 
photograph will show an event in 
which the incident particle A produces 
three tracks, due to C, D, and 
E, emerging from the same point 
(Fig. 20.9). The problem is then to 


[5 


B 
j E 


Fig. 20.9. Bubble-chamber tracks for the 
over-all reaction A + B— C +D +E: 


distinguish between the postulated 
process 
A+B>C+R>C+D+E 
and the direct reaction 
A+B>C+D+E, 


because the bubble-chamber tracks 
would appear to be identical. 

20.112. The actual situation can be 
determined by a kinematic analysis of 
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the bubble-chamber event, made with 
the aid of a computer (cf. § 7.117 et 
seq.). Suppose the particles C, D, and 
E are formed by a direct reaction; the 
available energy will tend to be dis- 
tributed among the three particles in 
a random manner, subject to the con- 
servation of momentum. If a large 
number of events of this type is exam- 
ined, it will be found that the energy 
of any one particle, e.g., ©, has a 
spectrum of values ranging from zero 
to a maximum equal to the total 
energy available. A distribution plot, 
showing the number of events giving 
specific energies of the particle C 
against those energy values will be a 
continuous curve, like a in Fig. 20.10; 


NUMBER OF EVENTS 


ENERGY PER EVENT 
Fra. 20.10. Number of events with spe- 
cific particle energies, showing phase distri- 
bution curve (a) and formation of a 
resonant state (b). 


this is called a phase-space distribution. 

20.113. Consider next the alterna- 
tive possibility in which a resonant 
state R is first formed together with 
the particle C. Since there are only 
two particles, the available energy will 
be divided between them in a definite 
manner which depends only on the 
relative masses of R and C. Thus, in a 
large number of events, there will be 
many cases in which C has a specific 
energy value, and the energy distribu- 
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tion plot will show a peak, such as the 
one at b in Fig. 20.10. From the energy 
of the particle C corresponding to this 
peak, the energy (and rest mass) of 
the resonance R can be calculated. 
The width of the peak at half maxi- 
mum is a measure of the energy 
uncertainty and from it the mean life 
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directly. The procedure used will be 
illustrated by means of a relatively 
simple example; this was actually the 
first application of the method and was 
made, by a group at the University of 
California, Berkeley, in 1960. In the 
search for a hyperon-pion resonance, 
analogous to the proton-pion resonance 


400 


100 
ENERGY OF "*(MeV) 
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Fic. 20.11. Plot of data from K- + p+ bubble-chamber events indicating the formation 
of a resonant state. (After M. Alston, et al., Phys. Rev. Letters, 5, 520 (1960)) 


of the resonant state can be calculated 
in the manner given in § 20.108. 
20,114. Since it is not known which 
of the three emergent tracks in the 
bubble-chamber event represents par- 
ticle C, the energy determinations may 
have to be made for two or three of 
the particles in a large number of 
events of the same type. If one of the 
particles is uncharged and forms no 
visible track in the bubble chamber, 
its energy must be estimated in- 


described earlier, the overall reaction 
studied was 
ey ian in ean gE 

The question to be answered was: Are 
the A" and z* (or z-) decay products 
of a resonant state? Since the A°-parti- 
cle is uncharged, it leaves no track in | 
the bubble chamber, but its decay 8 — 
apparent from the pt and z- tracks 
formed a short distance away from 
the point of the K-—-p* interaction. | 
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From the latter, two tracks are seen 
to emerge; one is due to a positive 
pion and the other to a negative pion. 

20.115. From about 150 bubble- 
chamber events of the expected type, 
the energy of each of the two pions 
was determined from their tracks. 
The results were then plotted, as shown 
in the upper right corner of Fig. 20.11; 
each point gives the energy of the 
positive pion and of the negative pion 
in a particular event. The representa- 
tion of particle energies from many 
events in this manner is often referred 
to as a Dalitz plot, because it is 
analogous to a procedure developed 
by R. H. Dalitz (§ 20.80) in 1954 to 
study the decay of the K-meson. The 
energy values in Fig. 20.11 are seen 
to fall within a limited area which is 
determined by the total available en- 
ergy. If the K—-p* reaction had led 
to A? + xt + x directly, without an 
intermediate resonant state, the exper- 
imental points would have been dis- 
tributed uniformly over this lenticular 
area, It is apparent, however, that the 
distribution is not uniform, and hence 
a resonant state must have been 
formed by A? and one of the m-mesons. 

20.116. To determine the mass of 
the resonant state, it is necessary to 
study the pion energy distribution to 
find where a maximum occurs. The 
number of points (or events) falling 


within a series of energy ranges, eB 


0 to 20, 20 to 40, . . . 360 to 380 MeV, 
for each pion is then represented in 
the form of histograms,* as shown at 
the bottom and left of Fig. 20.11. 
In other words, all the experimental 
points in the lenticular area are pro- 
jected downward (onto the horizontal 
axis) to give a histogram of the dis- 


series of narrow rectangles; the widths are t! 


tribution of + energies, and also to 
the left (on the vertical axis) to show 
the distribution of the m~ energies. 
The continuous curves superposed on 
the histograms give the calculated . 
phase-space distribution, as defined 
above. It is clear that there is a definite 
maximum in each distribution at a 
pion energy of 280 MeV. It follows, 
therefore, that both positive (Art) and 
negative (Ar~) resonances are formed; 
the rest mass corresponding to the pion 
energy of 280 MeV is calculated to be 
1385 MeV. This resonant state, orig- 
inally designated Yj, is now preferably 
indicated by the symbol (1385), The 
widths at half-maximum of the energy 
peaks at 280 MeV are both about 
40 MeV. 

20.117. It will be noted that the 
histogram of the m7 energies has a 
second peak at a kinetic energy of 
approximately 100 MeV. This is partly 
a consequence of the preferred 280- 
MeV energy of the positive pion, since 
the total available energy is 380 MeV. 
‘A detailed study of the situation, how- 
ever, has indicated that the 100-MeV 
energy of the negative pion also im- 
plies a second Ant resonance state. 

20.118. An interesting but some- 
what more complex instance of the 
application of the procedure just de- 
seribed is that which led to the dis- 
covery of the resonant state known as 
the omega (w)-meson. This is formed 
in the interaction of a high-energy 
antiproton with a proton in a bubble 
chamber; the overall process is 


pprt tette teeth 
which can satisfy all the conditions 


for a strong interaction. In order to 
determine if a resonant state involving 


is used in statistics to re] resent a frequency distribution by means of a 
* in dh the intervals (or ranges) of a particul 


lar measured 
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three pions was formed as an inter- 
mediate stage, three groups of pion 
triplets were studied, namely, singly 
charged z*z*z- and 7a-t, doubly 
- charged rtrtr’ and mrt’, and neu- 
tral tmm". 

20.119. About 800 bubble-chamber 
events were analyzed and for each of 
the three triplet groups a histogram 
was obtained of the number of triplets 
against a quantity called the effective 
mass of the triplet; this was derived 
from the energies and momenta of the 
three pions in each event. Since the 
7^-meson leaves no track, its momen- 
tum had to be caleulated by a kine- 
matieal analysis of the momenta of the 
other particles. Only in the case of the 
neutral triplet did the histogram show 
a maximum; for the charged triplets, 
the histograms were in good agree- 
ment with the phase-space (random) 
distribution. It follows, therefore, that 
a neutral resonant state is formed and 
that it decays into a positive, negative, 
and neutral pion. The mass of the 
partiele is 783 MeV and the width of 
the energy peak at half-maximum is 
about 12 MeV. 

20.120. Since 1960, elaims, not al- 
ways confirmed, have been made to 
the identification of a large number of 
resonant states. As meson beams of 
higher and higher energies will become 
available in due course, it is reasonably 
certain that more and more resonances 
will be discovered. The list of these 
particles given here is restricted to a 


Symbol Isospin (I) 
N (NJ) % 
A (Na/2) 
AQ A 
2 (Yt) 1 
E (21⁄2) p 
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selection of typical resonances whose 
existence seems certain, although sev- 
eral others are known.* The examples 
are divided into the categories of meson 
resonances and baryon resonances. 
There are, of course, no lepton reso- 
nances since leptons cannot take part 
in the strong interactions whereby 
resonant states are formed and decay. 
The meson resonances are bosons, with 
intrinsic (J) spins that are zero or 


| integral; the great majority decay into 


kaons and pions, but in some cases à 
heavier particle, e.g., w, p, or 7, may 
be formed first. The baryon resonances 
are fermions, with an odd number of 
half-integral units of spin. They all 
have baryon numbers of unity, so that 
decay results in the ultimate formation 
of a single nucleon. Most baryon reso- 
nances decay directly into a nucleon 
and a pi- or K-meson; in some in- 
stances, however, a hyperon is an 
intermediate stage. 

20.121. The naming of the reso- 
nances has been somewhat unsystem- 
atic; this has been largely due to the 
need for identifying the particle before 
its characteristic quantum numbers 
are known. A convenient scheme for 
baryon resonances is based on the 
suggestion made by G. F. Chew, 
M. Gell-Mann, and A. H. Rosenfeld 
in 1964, but it requires a knowledge 
of the isospin and hypercharge of the 
particle in addition to its mass. The 
system uses the following symbols for 
beryon resonant states with the indi- 


Hypercharge (Y) Charge States 
+1 2 
+1 4 
0 1 
0 3 
-1 2 


* The most complete listing is to be found in the report entitled “Data on Particles and 
Resonant States," prepared by A. H. Rosenfeld and Dee at the Lawrence Radiation 


Laboratory, University of California, Berkeley. It is revised at frequent intervals and is 


published periodically in the Reviews of Modern. Physics. 
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CHARACTERISTICS OF Some Meson (Boson) REsoNANCES* 


I 
JP = 0- 
n’ (or X?) 0 
E 0 
JP = 0+ 
TY 1 
JP = 1- 
pt 1 
p 1 
w 0 
K*, K* M 
$ 0 
JP - 1* 
D 0 
JP = Qt 
f 0 
Ky M 


E 
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= 
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Mass 
(MeV) Main Decay Products 
958.3 ate, rtn y 
1420 KOK + KK, tyr 
1003 KK? 
778 Loro 
770 ate 
783.4 mtn’, aly, mr my 
892.4 Kr 
1018.6 K*K^, KoKo, mtn’ 
1285 KKr 
1250 ax, KK 
1420 Ka, K*r 


CHARACTERISTICS or Some Baryon (FERMION) RESONANCES" 


T=%,Y =-4+1 
N(1525) 
N(1688) 

N (2190) 

N (2650) 
r=%, Y= +1 
A(1236) 
A(1670) 
(1920) 
A(2420) 

120, Y-20 
A(1405) 
A(1520) 
A(1700) 
A(1820) 

I-1Y-0 
z(1385) 
z(1660) 
z(1910) 

* z(2035) 
I1=%,Y=-1 
(1530) 
(1815) 
= (1930) 


JP 


+ 


% 
un 
? 


Main Decay Products 


Nz, Naw 
Nz, Naw, AK 
Nz, AK 

Ns, AK 


Nr 

Nm, Nar 
Nr, ZK 
Nr, 2K 


Zr 

NK, Er, Arr 

NK, Zr 

NK, Zr, Z(1385), v 
An, Zr 

A(1405)m, Zr, Aw 


NK, Ar, Zr 
NK, Ar, Èr 


Er 
AK, Ex, Zer 
Er, 


ER A VIE ETE TUM DUUM Ce e APTA 


* The mean lifetimes are all of the order of 10-* sec. 
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cated values of J and Y; the number 
(2I + 1) of charge states in a multiplet 
is also given in each case.* (The older 
symbols are given in parentheses.) 
Additional symbols have been pro- 
posed for hitherto unknown or uncer- 
tain resonances: Qfor I = 0, Y = —2, 
and Z for I = 0, Y = +2. The mass of 
the particle in MeV is added, in 
parentheses, after the symbol. For 
example, A(1236) represents a reso- 
nant state of rest-mass energy 1236 
MeV with J = 3% and Y = +1; four 
such states, with different charges and 
probably slightly different masses, 
should exist. 1 
20.122. It may be wondered if reso- 
nant states which have average lives 
of about 10-?* should be regarded as 
distinct particles. Is it not possible 
that a resonance is merely a highly 
fleeting association of two simple par- 
ticles, e.g., a nucleon and a meson? 
If this is so, then it must be a very 
specific type of association. The mass 
of the resonant state, for example, is 
always greater, often by several hun- 
dred MeV, thar the total rest mass of 
the particles into which it decays. 
Furthermore, each resonant state has 
specific values of intrinsic spin, parity, 
isospin, and hypercharge, as well as of 
mass. Resonances are sometimes re- 
garded as being excited states in which 
mesons play the same role as photons 
do in excited states of electrons and 
nuclei (cf. § 20.162). The fact that 
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many resonances are excited states of 
some kind is suggested by their mass, 
as indicated above, and by their in- 
trinsic spins. The A(2850) resonance, 
for example, may have a spin as high 
as ‘5g units; yet the nucleon and pion 
into which it ultimately decays have 
spins of 34 and zero, respectively. 

20.123. Although a distinction is 
made between the unstable resonant 
states and the more stable (or met- 
astable) particles of longer life, e.g., 
mesons and hyperons, it may well be 
simply a matter of convenience. It is 
possible that there is no fundamental 
difference between the unstable and 
metastable particles. It happens that 
resonant states have masses and other 
properties which permit them to decay 
by the strong interaction, i.e., without 
violating conservation of hypercharge 
and isospin, When a particle, such as 
a metastable baryon or meson, cannot 
possibly decay by the strong inter- 
action because of conservation require- 
ments, it will inevitably have a longer 
life than a resonant state. But this does 
not necessarily constitute a basic dif- 
ference between the two kinds of par- 
ticles. A particle of special interest in 
this connection is the Q--hyperon; in 
certain important respects it should be 
classified with the resonances, as will 
be seen in $ 20.142, but circumstances 
make it impossible for decay to occur 
by the strong interaction. 


ELEMENTARY PARTICLE SYMMETRIES 


INTRODUCTION: GROUP THEORY 


20.124. In attempting to under- 
stand the relationship among the many 
particles described in this chapter, the 
first step is to try to introduce some 
sort of classification based on their 


^ A related scheme for representin 


meson resonances (n for J = 0, 


various quantum numbers. Striking 
successes have been achieved in this 
respect for hadrons, including res- 
onant states, although the significance 
of the results is not yet clear. The 
situation has been compared to that 


Y =0, 7 for] =", 


Y =0, «for I = 34, Y = +1, and z for I = 14, Y = —1) has not yet been widely adopted. 
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which existed in 1869 when DL 
Mendelyeev showed that elements 
could be arranged in a periodic man- 
ner according to their atomic weights 
(§ 1.41). But it was not until some 50 
years later that an increased knowl- 
edge of the grouping of extranuclear 
electrons provided an interpretation 
of the periodic system of the elements 
(§ 4.68). By means of his periodic sys- 
tem Mendelyeev was able to predict 
correctly the atomie weights and other 
properties of then unknown elements. 
Similarly, the classification of the so- 
called elementary partieles has also 
met with success in predicting new 
particles. It is possible, therefore, that 
the system may form à basis for the 
eventual understanding of the nature 
and relationships of the mesons an 
baryons and their resonant states. 

20.125. The method developed for 
the arrangement of the elementary 
particles into a number of families is 
based on a branch of advanced math- 
ematics called group theory. The basic 
techniques of group theory have long 
been known and the particular meth- 
ods used in the present connection 
were, in fact, developed by the Nor- 
wegian mathematician M. S. Lie al- 
most 100 yems ago. It is only since 
the late 1920s, however; that phys- 
icists have made significant use of 
group theory in solving some prob- 
lems of quantum mechanics. The most 
important applications have been made 
in the elucidation of the spectra of 
atoms and molecules. 

20.126. It has been seen ($ 20.33) 
that, in general, à conservation law 
represents an invariance which cor- 
responds to an appropriate symmetry 
operation (or operations). The set of 
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operators* that represent or express the 
symmetry constitutes the "group" 
from which the theory gets its name. 
The irreducible representations of a 
group consist of a number of states, 
quantities, or objects to whieh the 
symmetry operations are applicable. 
Thus, the appropriate group operation 
ean transform any one of these states 
into another in the same representa- ' 
tion. The fundamental representation 
is the one containing the smallest num- 
ber of states for the particular group; 
the number of states in this represen- 
tation determines the basic dimensions 
of the group. More complex represen- 
tations are made by combining the 
states in the fundamental representa- 
tion. Simpler representations, contain- 
ing a smaller number of the fundamen- 
tal states, are always possible; for 
example, if three states can be trans- 
formed into each other by the group 
operators, then any two of them can 
be transformed into one another. A 
single state is also a possible repre- 
sentation, since it is transformed into 
itself. 
UNITARY SYMMETRY: 
Tus SU(2) Group 


20.127. The charge-independence of 
the strong nucleon-nucleon interac- 
tion (§ 12.18) has led to the view that 
the proton and neutron are two states 
-of the same basic entity, the nucleon. 
Tt is thus possible to imagine a group 
of symmetry operators which, in the 
absence of an electromagnetic field, 
could transform a neutron into & pro- 
ton, and. vice versa. The neutron and 
proton would then form the fundamen- 
tal representations of the group. The 
existence of such a symmetry implies 


ession) for a pal icular operation, usually 


S i j bol (or expr 0) 
An opirao a mathemati fates, Simple examples are translation, rotation, an 


involving & appropriate 

reflection operators. 
t The term “state” is. 

which has physical reality. 


js used here and later in a general sense; 


it may or may not be something 
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that something is conserved and the 
appropriate quantity which remains 
invariant under the strong interaction 
is the isospin. Each of the fundamental 
states, i.e., the proton and the neutron, 
has an isospin of 14, but the compo- 
nent of the isospin, Is, is +14 for the 
proton and — L4 for the neutron. The 
operators of the symmetry group thus 
change the coordinates of the isospin 
in such a way as to reverse the sign 
of I3.* 

20.128. The particular symmetry 
group which has been found to be ap- 
plicable to isospin conservation is a 
form of unitary symmetry known as a 
SU(2), for reasons which will be ex- 
plained shortly. This symmetry group 
was originally used in interpreting the 
behavior of a two-electron system each 
having an intrinsic spin of 14, and 
it was adopted by W. Heisenberg 
(§ 20.40) in his treatment of the pro- 
ton-neutron relationship in the atomic 
nucleus. It has now been generalized 
to include the symmetry that exists 
among other sets of related elementary 
particles, e.g., the three pions, the four 
kaons, etc., as well as between the 
two nucleons. 

20.129. The symbol SU(2), some- 
times written SU», stands for the spe- 
cial unitary group in two dimensions. 
It is one of a type of group called 
“unitary” and it is "special" because 
a restriction reduces by unity the num- 
ber of operators in the group. The 
“two dimensions” refers to the two 
basic states which make up the funda- 
mental representation in this case. In 
a two-dimensional unitary group there 
are, in general, 2 X 2 — 4 operators, 

“but the restriction of "special" reduces 
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the number to three. The group is 
then said to have three generators. In 
the case of the symmetry group related 
to the conservation of isospin, J, the 
generators involve operations on the 
three components, J; (or 74), Iz (or I_), 
and 7; (or I). i 

20.130. The use of the algebra of the 
SU(2) group leads to the conclusion 
that all irreducible representations of 
the symmetry group consist of a mul- 
tiplet of 27 + 1 states. All members 
of the multiplet have the same isospin 
T, but each has its own specific value 
of the component Is which ranges 
from +J through —J, as stated in 
§ 20.42. Furthermore, each value of 
J; is associated with a particular elec- 
tric charge (or absence of it), e.g., +1 
for 7*, 0 for 7°, and —1 for x-.¢ Con- 
sequently, the 27 + 1 states are often 
referred to as charge states of a charge 
multiplet. The significance of the SU(2) 
symmetry is that the group operations 
can, in principle, transform any mem- 
ber of the multiplet into any other. It 
is thus said to express charge independ- 
ence of the members of a given mul- 
tiplet. 

20.131. The two basic states which 
make up the fundamental representa- 
tion of the SU(2) group, each with an 
isospin of 14, may or may not be real. 
But this is immaterial since the SU(2) 
algebra does not require that the states 
have any physical significance; they 
may nevertheless have such signif- 
icance, as will be seen later (§ 20.143 
et seq.). In any event, the assumption 
of SU(2) symmetry, as expressing the 
conservation of isospin, accounts for 
the existence of the multiplets of 
2I + 1 charge states among the mesons 


of the given member minus the average charge of the multiplet. 
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and baryons, and their, resonances, 
which have been considered earlier in 
this ehapter. Since the fundamental 
states have an isospin of 14, the pos- 
sible J values for the multiplets which 
are representations of the SU(2) 
group are 0, 14, 1, %, 2, ete. When 
I = V6, the representation is the fun- 
damental one containing two states; 
larger values of I correspond to rep- 
resentation made up of combinations 
of the two fundamental states. When 
I = 0, there is a singlet state, which 
can always be included (§ 20.126). 
20.132. It is seen that the symmetry 
represénted by the SU(2) group leads 
to an interpretation of the existence of 
known multiplets; the members of a 
multiplet are essentially identical ex- 
cept for charge (or Js). If the sym- 
metry were exact, i.e., isospin is strictly 
conserved, as it is under the strong 
interaction, the components of a mul- 
tiplet would differ in charge and I; 
but not in mass. Although a particle 
and its antiparticle, e.g, T+ and 77, 
K+ and K-, and Z* and 5-, etc., appar- 
ently always have the same mass, the 
mass of a neutral member of a mul- 
tiplet invariably differs from that of 
the charged members by a few MeV. 
This is shown, for example, by the 
mass of the neutron, as compared 
with that of the proton, of the 7°, and 
of other neutral particles. Further- 
more, 2+ and. 27, which are not par- 
ticle and antiparticle, have slightly 
different masses. Since the mass dif- 
ferences are. evidently associated with 
electric charge (or its absence), it is 
said that the SU(2) symmetry is 
broken (or violated) by the electro- 
magnetic interaction. As mentioned in 
§ 20.44, conservation of isospin is not 
applicable to such interactions. 


SU(3) SYMMETRY: 
Tue ErsgrFoLD Way 


20.133. The first successful attempt 
at classifying the hadrons, i.e., the 
strongly-interacting elementary par- 
ticles (and resonant states), resulted 
from an extension of the SU(2) sym- 
metry to, the special unitary group 
SU(3) in three dimensions, based on 
a fundamental representation of three 
states. Various attempts, including the 
use of SU(3) symmetry, had been made 
to incorporate the isospin multiplets 
into supermultiplets, especially during 
1959 and 1960, but they were not suc- 
cessful. In 1961, however, M. Gell- 
Mann ($ 20.100) and Y. Ne'eman, an 
engineer-physicist attached at the time 
to the Israeli Embassy in. London, 
independently showed how the SU(3) 
symmetry could be applied to hadrons 
to represent the conservation of hyper- 
charge, in addition to that of isospin, 
under the strong interaction, A three- 
dimensional unitary group generally 
involves 3 X3 — 9 operators, but 
this is reduced to eight generators by 
the “special” requirement in SU(3). 
Consequently, Gell-Mann has referred 
to the resulting group of symmetry 
operators as the eightfold way.* Three 
of the generators apply to the three 
components of isospin, a8 in SU(2), 
and a fourth is associated with the 
hypercharge; the four others also in- 
volve hypercharge in a different way. 
By means of these operations, it is 
possible to transform any member of 
a multiplet, having specific values of 
Y and J; (or charge), into any other 
with a different combination of Y and 
I; values. S 

20.134. Application of the group 
algebra showed that the SU(3) sym- 


* Named for Buddha's Eightfold Path (or Way) to Nirvana, comprising eight right (or 


correct) actions. 
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metry should give rise to six super- 
multiplets, representing the irreducible 
representations of 1 the group, contain- 
ing 1, 8, 8, 10, 10, and 27 members; 
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singlet (J = 0, Y = 0), two doublets 
(I = 4%, Y = +1 or —1), and a trip- 
let (J = 1, Y = 0). This scheme de- 
scribes precisely the eight metastable 
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Fia. 20.12. Octets of metastable f ight. mesons (left) and J? = 14* baryons 
Tight). 


the 10 multiplet is equivalent to the 
10 but with hypercharges of opposite 
sign. In each of these supermultiplets 
the intrinsic spin and parity (J?) of 
the members are the same, but the 
values of the hypercharge and the iso- 
spin (and charge) vary. If the sym- 
metry were completely invariant, i.e., 
isospin and hypercharge exactly con- 
served, all the members would have 
the same mass. But this is not the 
case, The SU(3) symmetry is appar- 
ently violated by a part, evidently a 
weaker part, of the strong interaction, 
because the mass differences, often 
hundreds of MeV, are much too large 
to be accounted for by the electromag- 
netic interaction. 

20.135. In the case of the 8-member 
supermultiplets (or octets), the SU(3) 
symmetry violation is expected to lead 
to a splitting into four multiplets each 
of which is a representation of the 
SU(2) group with a particular value 
of J (and Y); these multiplets are a 


mesons with J? = 0-, and the multi- 
plet of eight baryons with J? = 14+, as 
shown in Fig. 20.12. It may be men- 
tioned that when the SU(3) symmetry 
concept was first proposed in the form 
just described, only seven of the mesons 
were known; the eighth, the 7-meson, 
was predicted both by Gell-Mann and 
by Ne’eman. In addition to the octet 
of metastable mesons, the »'(958)- 
meson, with J? = 07,12 = 0, Y = 0,a 
resonant state, has been identified with 
the singlet, i.e., *supermultiplet" of 1, 
required by the SU(3) symmetry. 

20.136. By making a simple assump- 
tion concerning the manner in which 
the SU(3) symmetry is broken, Gell- 
Mann was able to derive a relationship 
among the average masses of the com- 
ponents of the four baryon multiplets 
in the J? = 14+ octet; thus, 


2(my + mz) = 3m, + mz, 


where my is the average nucleon mass, 
and the average masses of the hyperons 
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are indicated by the respective sub- MASS 
(MeV) 


scripts. If the averages of the masses | Y J 

given in Fig. 20.12 are used, the left | -17 "2 yez------K 892 
side of this expression is found to be : 

4514 MeV and the right side 4538 e S Y 

MeV; this agreement, although not| 9 V oT? tese ETT. 1019 
exact, is remarkably good. In 1962, word 7830 
the Japanese physicist S. Okubo de- 

rived the more general formula $e DINE saremo Kt e? 


m 2 mo aY 4 b[I(I +) — 1fY:, 
where mo, a, and b are constants for a 
given baryon multiplet; mo is the ideal 
mass which all the members of the 
multiplet would have if the symmetry 
were not broken. By inserting the ap- 
propriate values of I and Y, it is found 
that this expression reduces to the 
one given above for the members of 
the JP = V$* octet. 

20.137. The foregoing mass rela- 
tionships are not intended to apply to 
the meson multiplets. It has been 
found empirically, however, that a 
good approximation is obtained if m 
is replaced by m?. For the J? = 07 
octet, at the left of Fig. 20.12, this 
leads to 
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Fia. 20.13. Octet and singlet of the un- 
stable JP = 17 mesons. 


According to the meson mass formula 
analogous to the one in § 20.136 but 
with m?, its mass should be about 925 
MeV. But when the w-resonante, 
which appears to satisfy the require- 
ments for the indicated state, was dis- 
covered, its mass was found to be 
783 MeV. A possible explanation of 
this unexpected result is that the sn- 
glet 'supermultiplet, " also with Y = 0, 
T = 0, which should exist in addition 
to the octet, might have the same e- 
oretical mass (925 MeV) 55 the 
w-meson. The two particles would be 
indistinguishable but for the violation 
of SU(3) symmetry. In this event it 
is required by quantum mechanics 
that each of the actual states should 
be a mixture (or combination) of the 
two theoretical states (cf. $ 20. 

The mass of one particle would then 
be smaller and that of the other larger 
than the calculated 925 MeV. by 
assuming that the difference between 
(925)? and the square of the masses 18 
the same for both particles, the larger 
mass is calculated to be 1047 MeV, if 
the smaller is 783 MeV, i.e. the ob- 
n 1962, & 
resonance particle, called the $-rneson, 
was discovered; it has the co: 


Ami = 3m? + mi. 
The calculated value of the mass of 
the n-meson according to this equation 
is 567 MeV, compared with the ob- 
served value of 547 MeV. 

20.138. It is a remarkable fact that 
for each of the J? = 17, 1*, and 2* 
meson resonances, there appears to 
be a singlet and an octet like those for 
the J? = 0- mesons. All four multi- 
plets of the J? = 1- octet have been 
jdentified; they are indicated in Fig. 
20.13. In the other two cases, however, 
some members of the octets are still 
missing, but their discovery may be 
expected in time. 

20.139. A problem arises with regard 
to the mass of the singlet component 
(Y 20,1 —0) of the JP = 1- octet. 
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quantum numbers and a mass of 1019 
MeV. It is possible, therefore, that w 
and ¢ represent the two singlet states 
of the J? = 1- configuration, but it is 
impossible to say which belongs to the 
singlet and which to the octet rep- 
resentation. 

20.140. Several members have been 
identified of an octet of baryon res- 
onances with J? = 5+, but there are 
many others that have not yet been 
associated with any supermultiplets. 
One of the most striking successes of 
the application of the SU(3) sym- 
metry concept has been in connection 
with the J^ = 9$* baryons. As seen 
in $20.109, the A(1236) state, the 
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Fic. 20.14. Decuplet of JP = 34+ parti- 
cles which led to the prediction of the 
Omega-minus. 


first resonance to be discovered, has 
an isospin of 34; consequently, it must 

e a member of a multiplet of 
(2x %)+1=4 members, ie, a 
quartet. Such a multiplet cannot be- 
long to an octet, but it could be part 
of the 10-member supermultiplet (or 


*The word decuplet is not the correct etymol 
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decuplet)* required by the SU(3) sym- 
metry (§ 20.134). The baryon decuplet 
would then consist of a A quartet 
(I = %, Y = +1), a 2 triplet (J = 1, 
Y = 0), az doublet (7 = 14, Y = —1), 
and finally a singlet state (I = 0, 
Y = —2), designated by the symbol 
Q (Fig. 20.14). 

20.141. In 1962, when the proposal 
was made to incorporate the A(1236), 
2(1885), and Z(1530) resonances in a 
decuplet, the Q particle was not known. 
But Gell-Mann predicted the existence 
of such a particle, with a negative 
charge, as required to give it a hyper- 
charge of —2. Furthermore, he sug- 
gested that it might be produced, as 
it actually was, by the interaction of 
a K--meson, at energies greater than 
3.5 GeV, with a proton. For every 
member of the decuplet J = 1 + 14Y; 
hence, the Okubo mass formula reduces 
to the form 

M=m+da'Y. 

Since the Y values of the successive 
multiplets differ by unity, the rest 
masses should form an arithmetic 
progression. From the known masses 
of the other particles, that of the Q- 
was predieted to be about 1680 MeV; 
the actual value is 1674 MeV. 

20.142. Although all the other mem- 
bers of the J? = 3+ baryon decuplet 
are resonant states, decaying by the 
strong interaction, Gell-Mann noted 
that the -particle should decay by 
the weak interaction, which it does. 
The reason is very simply that there 
is no possible way it can decay into 
two (or more) particles having a 
smaller total mass without violating 
the requirement of conservation of 
hypercharge. Thus, the decay, eg, 
into Z- + z^ or A? + K-, must be by 


ical analogue of octet, but of octuplet; 
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way of the weak interaction. As a 
result, the Q--particle is classified as a 
hyperon, although there is no doubt 
that it is a member of a supermultiplet 
in which all the other particles are un- 
stable resonant states. This serves to 
emphasize the point made earlier; 
there is probably no fundamental dif- 
ference between metastable and un- 
stable particles. The characteristics of 
the former are such that decay by the 
strong interaction in which isospin and 
hypercharge are conserved is not pos- 
sible, whereas for the latter it is. Of 
course, what this means in physical 
terms is not known; in other words, 
the underlying significance of the iso- 
spin and hypercharge is still a mystery. 


THE Quark THEORY 


20.143. The successful classification 
of hadrons in terms of the SU (3) sym- 
metry has involved only mathematical 
procedures, without implying any 
reality for the three states which con- 
stitute the fundamental representation 
of the group. It would be much more 
satisfying, however, if these states 
could be identified with actual entities, 
In 1949, E. Fermi and C. N. Yang 
(§ 20.49) in the United States pointed 
out that the intrinsic spin, isospin, and 
parity of the z-meson could be ac- 
counted for if the pions were regarded 
as very strongly bound states of a pair 
of nucleons or antinucleons. In other 
words, it would not be necessary to 
regard the pion as an independent 
particle. It is true that the binding 
energy would be very large, namely 
2mn — ms, i.e., about 1740 MeV, but 
this is not a serious objection. The 
Fermi-Yang concept was extended by 
the Japanese physicist S. Sakata in 
1956, in order to account for the 
strangeness (or hypercharge); he sug- 


* The word is derived from James Joyce's Finnegan’ 
Earwicker, a barkeeper, repeats at intervals: “Three 


gested that there were three fundamen- 
tal particles, the proton, neutron, and 
A" hyperon (and their antiparticles), 
from which all hadrons could be built 
up. The members of this triplet be- 
came known as sakatons. a 
20.144. Although the Sakata model 
was successful in many respects, prob- 
lems arose in connection with the inter- 
pretation of the J? = 44+ baryon 
octet, at the right of Fig. 20.12, More 
important, however, was that the con- 
cept predicted states that neither 
existed nor appeared likely to exist. 
The difficulties were overcome in 1964 
when M. Gell-Mann in the United 
States and G. Zweig at CERN in- 
dependently proposed a model in 
which mesons and baryons could be 
constructed from a triplet of particles 
(and their antiparticles) which would 
correspond to the fundamental rep- 
resentation of the SU(3) group. Zweig 
called the three particles aces but the 
name quark, proposed by Gell-Mann, 
has become widely accepted.* The 
quantüm numbers of the three hypo- 
thetical quarks, which will be referred 
to by the symbols a, b, c, are given in 
the table. For the corresponding anti- 


Quantum Numbers of the Quarks 
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quarks, the numerical values are the 
same but the signs of Q, B, Is, and Y 
are changed. The quarks a and b form 
an isospin doublet (J = 34), whereas 
cis a singlet (J = 0). 

20.145. By combining each quark 
with an antiquark, it is possible to 
construct nine meson states, which 
break up into a singlet and an octet. 


s Wake, in which a character, H. C. 
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As already seen, these are both known 
in the J? = 0- and 1- (and perhaps 
other) multiplets. Examples of meson 
formation are as follows: r+ (ab), x°(da), 
a~(ab), K*(ac), K°(bé), etc. The quark 
model, in this respect, is an improve- 
ment on the general SU(3) symmetry 
since it does not require a meson 
decuplet; no member of such a mul- 
tiplet has yet been found. The J? = 44+ 
and 94+ baryons are each constructed 
from three quarks (no antiquarks); 
this permits both octet (J? = V4*) and 
decuplet (J^ = 34+) representations, 
as actually observed. A few examples 
are p*(aab), n(abb), A°(abc), Z*(aac), 
E-(bcc), €17 (ccc), ete. The antibaryons, 
of which several are known, would be 
made up of the corresponding anti- 
quarks. 

20.146. A significant, and somewhat 
disquieting, feature of the quark 
scheme tabulated above is that the 
particles are expected to have frac- 
tional charges, namely +24, — 14, and 
—} unit (electronic) charges, respec- 
tively. Other systems of fundamental 
particles have been proposed in which 
fractional charges, as well as fractional 
baryon numbers and hypercharges, are 
avoided, but these have drawbacks. 
For example, they are capable of many 
interpretations of which the actual sit- 
uation is just one; in the quark model 
there is only one set of consequences 
and these agree with reality. The gen- 
eral feeling is that if hadrons are com- 
binations of fundamental particles they 
will probably have the characteristic 
quantum numbers given in the table.* 
Of the three quarks, only one should 
have ultimate (or absolute) stability. 
By analogy with other multiplets, it 
is thought that the particle with the 
largest negative hypercharge will have 
the largest mass and hence will decay 


* Of course, if such 
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into one of the other quarks. From 
this argument, one member of the 
duplet, ie., either a or b, will have 
ultimate stability, and this is the one 
that might possibly be found. 

20.147. In view of the important 
significance of the quark concept, ef- 
forts have been made to try to detect 
quarks in the free state. If they are 
the fundamental components of other 
particles, such as mesons and baryons, 
quarks (and antiquarks) must be very 
tightly bound; consequently, they 
would have relatively large masses, 
possibly as high as 10 GeV. A conceiv- 
able way in which free quark-anti- 
quark pairs might be generated is by 
the interaction between a proton of 
very high energy and a nucleon in 
matter. Two possibilities present them- 
selves; one is to look for free quarks 
formed by means of protons accel- 
erated in the laboratory and the other 
is to search for them in cosmic rays. 
Both procedures have been used in 
conjunction with special instrumenta- 
tion designed to detect particles which 
have a charge of 14 e or 24 e, where e is 
the unit electronic charge. 

20.148. Another approach is based 
on the supposition that free quarks, if 
generated in high-energy proton-nu- 
cleon interactions, would attach them- 
selves to atoms, thus leading to the 
formation of ions with fractional elec- 
trie charges. It is argued, further, that 
these ions might be expected to accu- 
mulate in meteorites, sea water, and 
the atmosphere, as a result of the cap- 
ture of quarks produced by the action 
of cosmic-ray protons over a long 
period of time. By passing such mate- 


-rials through an electric field just 


strong enough to collect ions with & 
fractional charge, it is hoped that their 
presence would be indicated. 


particles are discovered, it will mean that the true unit charge is that 


of the b and c quarks, and not that of an electron. 


20.149. Up to the middle of 1967, 
at least, no evidence had been ob- 
tained that the quarks can exist. This 
does not necessarily mean that these 
entities have no reality. It is conceiv- 
able that the masses of the quarks are 
even larger than 10 GeV; if so, it 
might not have been possible to de- 
tect them. In any event, the cross sec- 
tions for the formation of quark-anti- 
quark pairs by proton-nucleon inter- 
actions at the available proton en- 
ergies are so extremely small that the 
number of quarks produced may be 
below the limit of detection. Many 
physicists who feel that the quark is 
a real particle say that it will be nec- 
essary to wait until strong beams of 
protons of very high energy are avail- 
able, perhaps from the next genera- 
tion of accelerators (§ 9.94), before it 
will be possible to determine whether 
the quark is real or just a mathematical 
concept. 


Tue SU(6) SYMMETRY 


20.150. In some theoretical work on 
the classification of nuclear energy 
levels, E. P. Wigner (§ 20.40) in 1937 
combined the SU(2) symmetry of the 
isospin of the nucleons with an SU(2)z 
symmetry which was applicable to the 
intrinsic (J) spin. This led to an SU(4) 
symmetry in which the four fundamen- 
tal states were a proton with spin up 
(l= +, J = +34), a proton with 
spin down (I = +4,J = —M$), a 
neutron with spin up (J = —7$ 
J = +4), and a neutron with spin 
down (I = —%, J\= —Y9.* 

20.151. A similar combination of 
the SU(3) symmetry of isospin and 
hypercharge conservation with the 
SU(2), of intrinsic spin, resulting in 
the formation of a SU(6) group, was 


* In this connection “up” and "down 
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suggested independently in 1964 by 
F. Gürsey (from Turkey) and L. A. 
Radicati (from Italy) working at the 
Brookhaven National Laboratory and 
B. Sakita (from Japan) at the Univer- 
sity of Wisconsin, The symmetry op- 
erators of the group are capable of 
transforming a particle of given Is, Y, 
and J into another particle of the same 
supermultiplet but with a different 
set of values of these quantities. In 
terms of the quark concept, the six 
states of the fundamental representa- 
tion of the SU(6) group would be the 
three quarks a, b, c, each with spin up 
(J = +14) and spin down (J = —34).. 
Although the mathematics of the 
group does not depend on the physical 
existence of the quarks, it is neverthe- 
less simpler for the purpose of the 
following discussion to make use of 
them as if they were real. 

20.152. According to the SU(6) sym- 
metry, there should be 6 X 6 = 36 
possible states representing a combi- 
nation of a quark and an antiquark; 
as seen above, these would be the 
mesons, Since two particles with 
J = V$ combine to give states with 
J =0 or 1, the mesons should be 
bosons (§ 20.28).t By the SU(6) al- 
gebra, the 36 states break up into a 
singlet representation and one of 35 
members. The content of the latter can 
be determined by considering the 
SU(6) representation in terms of the 
SU(3) and SU(2); subgroups. It is 
then found to be made up as follows: 
an octet with J — 0, an octet with 
J = 1, and a singlet with J = 1, For 
every value of the intrinsic spin J, 
there are 2J + 1 possible components; 
hence, J = 0 represents a singlet spin 
state whereas J = 1 corresponds to a 
triplet spin state. The total number of 


» refer to opposite directions in which the intrinsic 


Dus T : 
Pe ant (excited) states of mesons can have higher J values, but they must be integral. 
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states making up the 35-member rep- 
resentation of SU(6) for mesons is 
thus (8 X 1) + (8 X3)+ (1X3) = 
35. These together with the singlet 
mentioned earlier make up the 36 pos- 
sible mesons supermultiplets. 

20.153. The representations just de- 
' scribed correspond exactly with the 
known J? = 0- and 1- mesons. Each 
member of the latter multiplet should 
be capable of splitting into three spin 
states in a magnetic field, just as an 
electron (or proton) has two spin 
states. In addition to the two octets 
shown in Figs. 20.12 and 20.13, there 
are the singlet states, namely, n’(J = 0) 
and w and $(J = 1), each of the latter 
being a spin triplet. A significant point 
has emerged from the SU(6) symmetry 
with regard to these singlets. Although 
the 5 and »' states do not mix, the 
apparently analogous w and ¢ states 
do (§ 20.139). Tt will be noted that 5 
and »' belong to different representa- 
tions, namely those of 1 and 35 mem- 
bers, respectively, but w and $ are 
members of the same representation. 
By means of the SU(6) group math- 
ematics, the degree of mixing in the 
w and $ states has been calculated and 
found to correspond with that required 
to account for the observed masses. 

20.154. Consider next the baryons, 
involving three-quark combinations; 
such combinations must be fermions, 
with an odd number of half-integral 
units of spin. The total number of 
possible states is now 6 X 6 X 6 = 216, 
made up of four representations of the 
SU(6) group containing 56, 70, 70, and 
20 members, respectively. Of these, 
the 56-state multiplet is of special in- 
terest because its members can be 
treated as completely symmetrical 
combinations of the three quarks. In 
terms of SU(3) and SU(2); symmetries, 
the 56-state multiplet splits into an 
octet with J = 14, and a decuplet 
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with J = %. The members of the 
octet are spin doublets (2J + 1 = 2) 
and those of the decuplet are quartets 
(2J +1 = 4), making a total of 
(8 X 2) X (10 X 4) = 56 states. The 
J = octet and the J = % decuplet 
are, of course, the well established 
baryon supermultiplets (Figs. 20.12 
and 20:14). 

20.155. An important aspect of the 
SU(6) symmetry is that/it goes further 
than merely predicting the various 
supermultiplets of mesons and baryons. 
The Okubo equation in § 20.136, based 
on the breaking of SU(3) symmetry, 
gives the relationship among the 
masses of the members of a baryon 
supermultiplet; the SU(6) symmetry 
extends this to relate the masses in 
different supermultiplets. The mass 
formula is now 


m =m + aY 
T bU + 1) — YY") + cJ(J +1). 


The coefficients a and b should thus 
be the same in both the baryon octet 
and decuplet; furthermore, there 
should be a constant difference in 
mass between two particles, one in 
the octet (J = 14) and the other in 
the decuplet (J = 36), with the same 
values of J and Y. These expectations 
are reasonably well satisfied by the ob- 
served baryon masses. 

20.156. Various other predictions 
have been made on the basis of the 
SU(6) symmetry, but the one that is’ 
regarded as being the most striking 
concerns the magnetic moments of the 
baryons. In particular, the ratio of the 
magnetic moment of the proton to 
that of the neutron has been calculated 
to be —1.50; the experimental value 
(cf. § 12.72) is —1.46, This agreement 
is perhaps better than might have 
been expected in view of the violation 
of the SU(6) symmetry. If this sym- 


í 


metry were exact, all the members of 
the baryon octet and decuplet would 
have the same mass; the actual masses, 
however, range from 938 to 1674 MeV. 

20.157. The most serious objection 
(or limitation) to the SU(6) symmetry 
is that the description of intrinsic spin 
in terms of the SU(2); group is appli- 
cable only to particles that are either 
at rest or moving at low (nonrelativis- 
tic) velocities. Consequently, the SU(6) 
symmetry considered above can be 
used only in connection with such 
static properties as classification into 
multiplets, masses, magnetic moments, 
etc., where it has been remarkably 
successful. When the properties involve 
particles traveling at high velocities, 
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eg, scattering reactions, however, 
the SU(6) group would not be appli- 
cable. 

20.158. Since SU(6) symmetry is 
not consistent, with the theory of rel- 
ativity, several attempts have been 
made to develop a higher symmetry 
that is. The situation is highly com- 
plex and almost impossible to describe 
without the use of advanced math- 
ematies. It should be understood, 
however, that the subsequent devel- 
opments do not invalidate the basic 
conclusions drawn from SU(6) sym- 
metry. As far as hadron classification 
is concerned, these seem to be well 
founded, although their physical sig- 
nificance, if any, is as yet not known. 


DYNAMICS OF STRONG INTERACTIONS 


REGGE TRAJECTORIES 


20.159. Because of their spectacular 
successes, particle symmetries have 
attracted much attention, but they 
are deficient in the respect that, so far, 
they do not include the forces between 
particles. Another approach to under- 
standing the behavior of hadrons in 
particular has therefore been followed 
for several years. This is known as 
strong-interaction dynamics, and its 
aim is to interpret the behavior of 
particles by a mathematical analysis 
of the interactions among them. Ul- 
timately, the symmetries and dynam- 
ies must be combined if there is to be 
developed a complete theory of el- 
ementary particles. 

20.160. In a theoretical study of 
particle scattering, not directly related 
to strong interactions, made in 1959, 
the Italian physicist T. Regge devel- 
oped a mathematical relationship be- 
tween angular momentum and the 
energy of a particle. It appeared pos- 
sible in principle, therefore, to draw a 
curve showing the variation of energy 


with angular momentum. Such a curve 
has become known as a Regge trajectory. 
Specific points on the trajectory cor- 
responding to certain permitted values 
of the angular momentum quantum 
number are called Regge poles. The 
concept of the Regge trajectory was 
introduced into the study of strongly- 
interacting particles by S. Mandelstam 
and others in the United States around 
1961, and a number of important con- 
clusions have been developed. These 
are too complex,to be treated here, 
but some results which have a possible 
bearing on the classification of hadrons 
will be described. 

20.161. It appears that, for a series 
of particles with given values of J and 
Y and the same parity, the points (or 
poles) representing the masses (or 
masses squared) as a function of the 
spin (angular momentum) quantunt 
numbers, J, fall on a continuous curve 
(or trajectory). The lowest point on a 
given trajectory is referred to as an 
occurrence and the points for higher J 
values are then recurrences. As a gen- 
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eral rule, although not always, the oc- 
currence represents a metastable (or 
stable) particle whereas the recur- 
rences are invariably resonant states. 
An important observation is that the 
successive J values of the points on a 
given trajectory differ by two units, 


eg., 0,2,4,...,0r1, 3,5, . . . for 
mesons, and 34, 5, %, . . . , or 34, 76, 
U$, .. . for baryons. 


20.162. An exceptionally good exam- 
ple of a Regge trajectory, with an oc- 
currence A(1236) at J? = $6*, and 
three probable recurrences, is shown 
in Fig. 20.15; all the points are res- 
onant baryon (A) states, i.e., J = 96, 
Y = +1, with positive parity. The 
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locations of the other occurrences, 
Z(1385), 2(1530), and (1674), for 
J? = %* are indicated but the cor- 
responding Regge trajectories are only 
partially known and so they are merely 
suggested in the figure. It will be 
recalled that the aforementioned oc- 
eurrences are the members of the 
JP = 54+, %+, ete. Other similar tra- 
jectories should, of course, exist for 
baryons with odd parity and also for 
mesons of both even and odd parity. 

20.163. A consequence of the argu- 
ments presented above is that the num- 
ber of possible resonant states of 
mesons and baryons is, in principle, 
unlimited. The resonances have been 


p 


D [x 


‘SPIN AND PARITY 


Fig. 20.15. Regge-type trajectory (mass squared versus J?) for resonant baryon 
i states, with indications of other possible trajectories. 


J? = 36+ baryon decuplet (8 20.140). 
Consequently, there should be cor- 
responding decuplets of recurrences at 
JP = Ht, 136+, etc. Some of the mem- 
bers of the J? = 34+ multiplet are 
known. The octet of baryons with 
JP = M* (§ 20.135) would be occur- 
rences, namely N(939), . A(1116), 
2(1193), and =(1318), for another set 
of four trajectories; octets of baryon 
resonances would be expected at 


compared in this respect to the energy 
levels of a nucleus or of orbital elec- 
trons. Just as higher and higher en- 
ergies are required to excite successive 
nuclear or electron energy levels, 80 
larger energies will be required to pro- 
duce the (excited) resonances with 
larger J values and, consequently, - 
higher masses. The generation of heav- 
ier resonant states would thus appear 
to be determined essentially by the 
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available energy. As the latter is in- 
creased, it is probable that more and 
more resonances will be discovered. 
One consolation is that if the Regge 
trajectory concept is valid, it should 
facilitate the assignment of particles 
of known mass to appropriate mul- 
tiplets. 


Tue “Boorstrar” HYPOTHESIS 


20.164. The quark theory postulates 
the existence of three basic particles 
(and their antiparticles) from which all 
hadrons, including resonant states, are 
built up. The quarks have thus been 
described as the “aristocrats” among 
the particles. A completely opposite 
point of view, based on particle dy- 
namics, is that there is actually a 
“democracy” in which all strongly 
interacting particles are equivalent. 
The main arguments in this connec- 
tion have been developed and treated 
mathematically by G. F. Chew and his 
associates, in particular S. Mandelstam 
and S. C. Frautschi, at the University 
of California, Berkeley, since 1959. 

20.165. The concept of a particle 
democracy arose from a theoretical 
study of the force between two pions. 
Requirements of spin and parity pre- 
vent two pions from exchanging ‘a 
pion, as a proton and a neutron do 
(812.31). The force must, therefore, 
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involve the exchange of, a two-pion 
system which turns out to have the 
same quantum numbers (J — 1,7 — 1) 
as the p-meson. But a p-meson may be 
regarded as being formed from two 
pions in high-energy states. The sur- 
prising conclusion therefore seems to 
be that the p-meson is responsible for 
the force which leads to its own forma- 
tion. In other words, the p-meson has 
“pulled itself together by its own boot- 
straps!” This result has led to the fol- 
lowing broader hypothesis. 

20.166. All strongly interacting par- 
ticles, including the resonant states, 
are regarded as being on an equal 
footing, i.e., they constitute a democ- 
racy. No particle is to be considered 
as being more fundamental (or elemen- 
tary) than any other. Each particle is 
regarded as arising from forces asso- 
ciated with other particles, whereas 
each of the latter owes its existence to 
forces resulting from the original par- 
ticle. In other words, every particle 
helps to generate other particles which 
in turn generate it. There are thus no 
fundamental particles; every particle 
may be regarded, in a sense, as à com- 
posite of other particles. A significant 
aspect of this “bootstrap” hypothesis 
is that it has been related successfully 
to the Regge trajectory concept, and 
attempts are being made to study its 


symmetry properties. 


CONCLUSION 


20.167. The situation with regard to 
the so-called elementary particles is 
somewhat like a jigsaw puzzle with an 
unknown number of missing parts. 
Moreover, some of the parts available 
may not even belong to the picture. 
There is little doubt that much more 
experimental and theoretical work will 
be required before the nature of the 
elementary particles is understood. In 


this connection, it is noteworthy that ` 


each generation of particle acceler- 
ators, first the synchrotrons in the low 
GeV range and then the alternating 
gradient machines with energies of 
about 30 GeV, has provided additional 
knowledge. The advances made in 
high-energy (or particle) physics in the 
ten years since the p i tion 
of this book was written are quite 
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remarkable. And the next ten years, | involved, but eventually the proper : 
during which period the 200- and 300- | pieces of the jigsaw puzzle will be © 
GeV accelerators are expected to be- | found and put into place, and a clear — 
come operative, will undoubtedly pro- | picture will emerge. What it is likely ` 
duce equally significant discoveries. to be, no one can say, but it is safe to ` 

20.168. It is quite possible that the | predict that the future of particle phys- — 
situation may, at first, become more | ies will be as exciting as its past! 
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magnetic moment, 4.88, 4.89 
mass, 2.51, 2.56-2.58 
and velocity, 3.61-3.63 
microscope, 1.67, 3.43, 8.46 
naming, 2.29, 2.51 
number in atoms, 4.14, 4.22, 4.23 
orbit, 4.45, 4.59, 400. — - 
orbital, 4.29, 4.31, 4.42-4.76, 126 
and chemical properties, 6.16 
and Pauli principle, 4.62-4.07, 4.70 
and periodic system, 4.68-4.70 
particle nature, 2.48-2.51 
positive, see Positron 1 
positron pair, see Positron-electron pair 
quantum numbers, 4.51-4.76 
magnetic, 4.53 
orbital, 4.52 
and Pauli principle, 4.62-4.67, 4.70 
principal, 4.51-4,55 
spin, 4.54 
and wave mechanics, 4.56-4.61 
radius, 2.59 an 
secondary, in radioactivity, 8.43, 8.104 
specific charge, 2.42-2.50, 255 + 
spin, 4.54 
-orbit coupling, 4.98 — . 
(or paramagnetic) resonance, 4.90-4.99 


Electron, spin resonance (cont'd): 
appli 


wave nature, 
and MES 250, 292, 334, 471-475, 
83 


gold-leaf, 2.100, 7.17 
Lauritsen, 7.18, 7.19 
» 7.18, 7.19 


t-87, 
Element-102, 16.63, 16.64 
Boso. "Pride A 20,1-20.168; see als 

, 168 ; o 

Baryons, , Leptons, Me- 


sons, 
Elements, 1.11-1.15 
and 


Fast reactor, 157-159, 1528, 1531, 1542, 
1851, 1570, 1571, '15.125-16.138% 
5 P 


el etic, 12.27 , 
particle, 12.27 . 


meson, 1228 
Film badge, 1844-1847 


Fission, 10.81-10.83, 13.1-13.105 
and atomic number, 13.55, 13.06-13.08 
chain, 13.11 
chamber, 11.29, 11.31, 11.73 
critical energy, 13.06-13.73 
decay chains, 13.85, 13.86, 13.100-13.105 
discovery, 13.1-13.13 
SS 13.20-13.28, 14.1-14.99, 15.1- 


fast-neutron, 13.16, 13.36, 1379, 1381, 
1481; see also Fast 


ta, 13.15; see also Fission products 

Stun CE ETE 
mechanism, 13571388 7 | 
modes of, 13.22-13.37 
for neutron detection, 11.29, 11.65, 11.66 
neutron beep a uer : 
phenomena, 13.1-13.56 1 
potential barrier, 13.69- t 
products, rere 13.26-13.37, er à 

pokey Et . | 


Fission, products (cont'd): 
number of, 13.33, 13.86 


properties of, 
slow-neutron, 13.16, 13.7: 


spontaneous, 13.19, 13.54-12.58, 13.73 
of stable elementa, 1081-1083 


Fluorescence, 


298 
Food, preservation by radiation, 17211- 


17216 


on earth, 14.115-14.121 
energy from, 14.1 
in mars, 14.105-14.114 


Gamma rays, 2.110-2.114, 3.20, 325. 
in alpha 
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872, 


Hertzian waves, 3.20, 3.24, 3.25 
Hilac, 9.154 
Hodoscope, 7.135 
scintillation counter, 7.137-7.139 
spark chamber, 7.135 
Hóhenstrahlung, 19.4 
Horse power, definition, 14.15 
“Hot atom” chemistry, 10.156, 17.34 
Human counter, see Counter, whole-body 
Hydrogen, bomb, 14.120 
fusion, see Fusion, Thermonuclear reac- 
tions 
isotopes, see Deuterium, Tritium 
Hydrogenic (or hydrogen-like) atoms, 4.78 
Hypercharge, conservation, 20.45 
definition, 20.45 
Hypernuclei (or hyperfragments), 
20.18, 20.103-20.107 
binding energy, 20.106 
decay, 20.106 
discovery, 20.17, 20.18 
Hyperonic atom, 4.77 
Hyperons, 20.95 
associated production, 20.99 
formation, 20.96 
interactions, 20.104 
Hypothesis, definition, 1.7 
Hyle, 1.9 


20.17, 


nei applications, of isotopes, 17.133— 
17.14 


146 
of radiations, 17.186-17.188 
Inert gases, 1.30 
compounds of, 1.30 
electronic configurations, 4.69 
in periodic table, 1.47 
Inertia and electromagnetic mass, 2.58 
Infrared rays, 3.18, 3.25 
Interactions, see Electromagnetic, Weak, 
Strong interactions 
Interference, see Diffraction 
Internal conversion, 5.50, 8.103-8.107 
coefficient, 8.104 
Invariance principles, 20.33-20.58, 20.90, 20.91 
and symmetries, 20.48-20.62; see also 
Symmetries 
Todine isotopes, in diagnosis, 17.92, 17.93 
in therapy, 17.97 
Toffe bars, 14.159 
Ton, see Ions 
Ion-exchange resins, 13.90 
applications, actinides, 16.44, 
- 16.54, 16.58, 16.61, 16.62, 16.69 
promethium, 16.109 
rare earths, 13.92, 13.93 
Ionium, 5.65 
Tonization, by alpha particles, 7.2-7.4, 8.2-8.4 
avalanche, 7.22 
by beta particles, 7.2-7.4 
chamber, 7.10-7.21 


16.50, 
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Tonization, chamber (cont'd) : 
for alpha particles, 7.20, 7.21 
for beta particles, 7.17, 7.20, 7.21 
for gamma rays, 7.17, 7.21 
for neutrons, 11.24 
for radiation monitoring, 1847, 1848, 
18.55 ; 
by collision, 2.16 
and condensation, 7.86-7.89 
curve, 7.8, 7.9 
by fission fragments, 13.12, 13.13, 13.84 
by gamma rays, 7.5, 8.90 
instruments, 7.10-7.41 
by radioactive radiations, 2.94 
and radiation measurement, 7.1-7.41 
specific, 7.1-7.5 
in tissue, 18.6, 18.8 
by X-rays, 2.83, 3.34, 3.36, 3.37, 7.5 
Ionizing particles, counting, see Counting 
instruments 
photographie detection, 7.140-7.146 
Ton-pairs, 4.31, 7.2-7.5 
in electric fields, 7.7-7.9 
energy of formation, in gases, 7.4 
in semiconductors, 7.76 
and gas amplification, 7.23 
Tons, 2.15-2.17; see also Ion-pairs 
acceleration of, see Particle accelerators 
as condensation nuclei, 7.86-7.102 
gaseous, 2.15, 7.2-7.5 
heavy, see Heavy ions 
Iron isotopes, in blood studies, 17.76-17.82, 
17.86, 17.88 
in plant studies, 17.130 
Islands of isomerism, 10.160, 12.117 
Isobarjc isotopes, see Nuclear isomers 
Isobarie spin, see Isospin 
Isobars, 6.15, 6.17, 12.90-12.100 
and beta activity, 12.93-12.100 
even, 12.95-12.97 
half-life and binding energy, 12.98-12.100 
odd, 12.91-12.94 
Isomeric nuclei, see Nuclear isomers 
Isomerism nuclear, see Nuclear isomers 
Isomorphism, law of, 1.25 
Isospin, 20.40 
conservation, 20.44 
and hypercharge, 20.45 
multiplets, 20.42, 20.130 
and strangeness, 20.47 
symmetry operation, 20.127 
Isotones, 6.17 
Isotopes, applications, 17.63-17.131 
in agriculture, 17.122-17.133 
analytical, 17.147-17.168 
biological, 17,64-17.121 
in cellular biology, 17.101-17.110 
‘for dating, 17.169-17.185 
in industry, 17.133-17.146 
in medicine, diagnosis, 17.84-17.93 
therapy, 17.94-17.100 
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Isotopes, applications (cont'd): 
in photosynthesis, 17.111-17.121 
of radiations, 17.94-17.100, 17.186-17.230 
and atomic weights, 1.39,6.43-6.65,6.61-6.64 
charts, 10.167-10.170 
chemical identity, 6.1, 6.4, 6.16 
differences between, 6.13, 6.74, 6.112 
discovery, 6.1-6.8 
and group displacement law, 6.12 
heavy, see Heavy element 
labeled compounds, 17.36-17.49 
by biosynthesis, 17.48 
labeling with, 17.1-17.6 
and nuclear composition, 6.12-6.17 
and positive rays, 6.33-6.39 
radioactive, applications, see Isotopes, ap- 
lications F. 
artificial, 10.113-10.166 
as heat source, 17.203, 17.204 
identification, 10.120-10.128 
minimum detectable amounts, 17.18 
as power source, 17.189-17.202 
production of, 17.25-17.35 
specific activity, 17.16-17.24 
techniques, 17.50-17.62 
as tracers, advantages, 17.11, 17.12 
disadvantages, 17.18, 17.15 
reaction rates, 6.72, 6.110 
relative abundances, 6.61-6.63 
separation factor, 6.76, 6.77, 6.79, 6.80, 6.85 
separation methods, 6.76-6.122 
centrifugal, 6.98-6.101 
chemical exchange, 6.112-6.117, 6.120 
distillation, 6.105-6.108 
electrolytic, 6.71, 6.109-6.111, 6.122 
electromagnetic, 6.90-6.97 
gaseous diffusion, 6.78-6.88 
nozzle, 6.89 
thermal diffusion, 6.102-6.104 
stability and neutron-proton ratio, 12.42- 
12.54 ` 
stable, 6.18-6.39 
applications, 17.64-17.74, 17.80, 17.81 
availability, 6.95, 17.1, 17.9 
detection, see Mass spectrometer 
table of, 6.48 
as tracers, advantages, 17.14 
as tracers, 17.1-17.62 : 
applications, see Isotopes, applications 
choice of, 17.7-17.15 
production, 17.25-17.35 
techniques, 17.50-17.62 
and whole-number rule, 6.43 
Isotopic dating, 17.169-17.185 
Isotopic dilution analysis, 17.166-17.168 
Isotopic exchange reactions, 6.72, 6.73, 6.112- 
6.117, 6.120 
Isotopic mass, see Atomic mass 
Isotopic number, 12.82 _ 
Isotopic spin, see in : 
Isotopie weight, 6.61; see also Atomic mass 


Kanalstrahlung, 261, 2.106; see also Posi- 
tive rays 

ae see K-mesons 

-capture, see Orbital ele. 

Kelvin temperature, 3.27 dye 

keV energy unit, 3.33 

keV temperature unit, 14.125 

Kicksorter, 7.15; see also Pulse-height ana- 
lyzer 

Kinetic energy, see Energy, kinetic 

Kinetic theory of gases, see Gases, kinetic 


K-level, ark 
level, electrons, 4.72. 
t pays » 4.73, 8.105-8.107, 
-mesons, 2.134, 20.15, 2 
2100 0.16, 20.79-20.93, 


average life, 20.21, 20.80 

decay, 20.86-20.90 

interaction with matter, 20,93 

production, 20.16 
ea 20.79-20.93 

-series, X-rays, 2.92, 4.71-4! h b 
Kurchatovium, 16.67 oos (d 
Kurie plot, 8.55 


Lambda particle, 20.17, 20.95, 20.105 
Lanthanide series, 148, 16,83, 16.86; see also 
Rare-earth elements 1 
Lauritsen electroscope, 6.18, 6.19 
Lawrencium, 16.65, 16.66 
Lead isotopes, 6.3, 6.18-6.25, 6.97 
and age of minerals, 17.170-17.172 
Lepton number, 20.37, 20.65 
Leptons, 20.30 
properties, 20.63-20.75 
LET, see Linear energy transfer 
Levitron, 14.149 
Light, color of, 3.15 
diffraction, 3.8-3.10 
infrared, 3.18, 3.25 
invisible, 3.18, 3.19 
particle theory, 3.7, 3.10, 3.11, 3.35 
ultraviolet, 3.19 
velocity oe 2.57, 3.14 
and ether concept, 3.54-3. T 
visible, 3.16 ened 
wave lengths, 3.16-3.19 
wave theory, 3.7-3.12, 3:27, 3.54 
Linac, see Linear Accelerator 
Linear accelerator, Alvarez, 9.141-9.147 
for electrons, 9.123-9.135 
for heavy ions, 9.154-9,157 
for positrons, 9.136 
for protons, 9.137-9.149 
wave-guide, 9.123-9.135, 9.148, 9.149 
Wideróe, 9.24-9.28, 9.138 
Linear energy transfer, 18.28-18.30 
Liquid-drop model of nucleus, 12.79-12.89 
and fission, 13.60-13.64 
L-level, electrons, 4.72, 8.105-8.107, 10:155 
L-series, X-rays, 2.86, 4.71-4.74, 8.105-8.107 
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Luminescence, 2.17 

by radiations, 7.44-7.57 

by X-rays, 2.80 i saat 
Luminescent materials, see Scintillators 


Magie numbers, protons and neutrons, 
12.104-12.120 
significance, 12.114 
Magnetic field, deflection of charged parti- 
cles, 2.42, 2.44, 6.28, 6.52 
of earth, and cosmic rays, 19.14-19.20 
plasma confinement by, 14.129-14.176 
in space, 19.97 
Strength, 4.91 
Magnetic-lens spectrometer, 8.46-8.49 
Magnetic mirror systems, 14.150-14.153 
Magnetic moment, see Electron, Nuclear 
magnetic moment 
Magnetic rigidity, 19.99 
Magneton, Bohr, 4.88 
nuclear, 4.100 
Magnox, 15.17, 15.106 
Mass, conservation of, 3.73-3.78 
conversion to energy, 3.79, 3.80 
defect, 12.2 
and fission, 13.23 
definition, 1.18 
electromagnetic, 2.58, 4.20, 11.6 
-energy conversion factors, 3.88-3.90 
equation, 3.70-3.72, 3.79-3.84 
relationship in nuclear reactions, 10.26- 
10.32 
and inertia, 2.58 
number, 4.36, 6.15, 6.60, 6.63 
and fission, 13.55, 13,66-13.68 
spectrum, 6.40 
Mass spectrometer (or spectrograph), 6.40, 
6.46, 6.50-6.59 
accuracy, 6.56 
atomic mass determination, 6.50-6.59 
atomic weights by, 1.36, 6.41, 6.64 
direction focusing, 6.51, 6.55, 6.57 
time-of-flight, 6.58, 6.59 
velocity focusing, 6.55-6.57 
Matter waves, 3.40 
Mattauch’s rule, 12.57 
Mean free path, 6.78 
Mechanics, classical, 3.49 
Newtonian, 3.49 
Monum as wave, 3.49-3.51, 3.69 
edical.applications of isotopes, diagnostic, 
17.84-17.93 s 
therapy, 17.94-17.100 
Megacycle, definition, 4.94 
Mendelevium, 16.61, 16.62 
Meson (or mesons), 2.128-2.134, 20.6-20.16, 
20.76-20.94; see also K-mesons, Pi- 
on ema mesons 
in cosmic rays, see Cosmic rays 
discovery, 20.6-20.16 
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Meson (cont'd): 
factories, 9.6 
multiplets, 20.135, 20.137, 20.138 
production, 20.10-20.13 
properties, 20.76-20.94 
resonances, 20.29, 20.120 
virtual, 12.29 
Meson-field theory, 12.27-12.41 
Mesonic (or mesic) atoms, 4.77-4.82 
X-rays, 4.80 
Metabolism, isotopic study, 17.64-17.75 
Metabolon, 5.20 
Metastable state, definition, 10.151, 20.21 
MeV, definition, 3.33 
Michelson-Morley 3.59-3.61, 
3.66, 3.67 
Microcurie, definition, 17,21 
Microgram, definition, 16.13 
Micron, definition, 18.28 
Microsecond, definition, 7.124 
Microscope, electron, 1.67, 3.43, 8.46 
magnification, 1.67 
"optical, smallest visible particle, 3.7 
Microtron, 9.61 
Millicurie, definition, 17.21 
Mirror nuclei (or nuclides), 8.77-8.79 
M-level electrons, 4.71-4.74 
Moderator, 11.36, 11.41, 11.42, 15.22-15.27 
beryllium (oxide), 15.22, 15.25, 15.61, 15.114 
carbon (graphite), 14.30, 14.42, 14.43, 14.46- 
1449, 1522, 1526, 15.55, 1572, 
15.106-15.113, 15.115-15.118 
heavy water, 1430, 1431, 1524, 15.63, 
15.65-15.69, 15.96-15.102 . 
organie compounds, 15.27, 15.103, 15.104 
water, 15.23, 15.56-15.64, 15.82-15.95 
Molar volume, gaseous, 1.56, 1.57 
Mole, 1.56, 1.57 
Molecular weight, 1.32-1.36 
actual, 1.57 


experiment, 


Molecule, 1.26-1.30 
and atom, 127- 
gram, 1.56, 1.57 
number, 1.63 
size, 1.51-1.55, 1.66-1.68 
weight, actual, 1.57 
Momentum, angular, 4.50, 4.54; see also 


Spin 
definition, 3.40 
Monitoring, see Radiation monitoring 
Mossbauer effect, 8.120-8.143 
applications, 8.134-8.143 
chemical shift, 8.140 
definition, 8.131 
experimental techniques, 8,129, 8.135 
and relativity, 8.142, 8.143 3 
Multiplication factor, 14.32-1449, 14.59, 
1462, 14.63 
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Neutron, detection (cont'd): 


Multiplication factor (cont'd) : 
effective, definition, 14.36 
infinite medium, definition, 14.36 
Multiturn injection, 9.87, 9.91 
Muonic atoms, 4.77-4.82 
X-rays, 4.79, 4.80 
Muonium, 3.86 
Muons (or T particle 2.129, 2.130, 20.6, 
20.9, 20.64-20.73 
decay, 20.65, 20.72 
interaction with matter, 20.71 
lifetime; 20.70, 20.71 
mass, 20.69 
-neutrinos, 19.60-19.65, 20.65-20.67 
production, 20.65-20.67 
properties, 20.64-20.73 
Mutations, 18.84-18.88 
by radiations, 17.224-17.229, 18.89-18.103 


Negaton, 2.71; see also Electron 
Negatron, 2. 71; see also Electron 
Neptunium, 16.6, 16.7, 16.17-16.24 
and actinide series, 16.80-16.86 
series, 5.62-5.65, 11.49, 16,87, 16.88 
collateral, 16.95, 16.96 
table, 5.63 
Neptunium-237, discovery, 16.9 
fission, 13.8 
in neptunium series, 5.65 
Neptunium-239, in actinium series, 16.94 
discovery, 16.1-16.5 
Neutrino and antineutrino, 8.51-8.54, 8.58- 
8.70, 20.52, 20.53 
in beta decay, 8.51-8.54, 8.58 
detection, 8.60-8.66 
in cosmic rays, 19.54-19.65 
electron- and muon-, 20.65-20.67 
spin, 20.53 
Neutron (or neutrons), 2.115-2.120, 11.1- 
11.119 
capture, radiative, 10.46, 11.44-11.49 
resonance, 11.95-11.110 
Breit-Wigner theory, 11.104-11.110 
"cold," 11.94 
cross sections, 11.67-11.76, 11.95-11.119 
measurement, 11.70-11.76 
resonance, 11.100-11.106, 11.109 
scattering, 11.96 
values, 11.95-11.114 
1/v law, 11:99, 11.108 
decay of, 11,7-11.9 
-deficient nuclei, 10.130, 10.131, 10.134, 
12.13 
delayed, 10.161-10.163 
in fission, 13,47-13.50 
and reactor control, 14.62, 14.63 
density, 14.57 
and reactor power, 14.57, 14.58 
detection, 11.24-11.33 


with boron, 11.26. 


875 
by fission, 11.28, 11.31 
in photographic emulsion, 11,27 
by recoil, 11.30 
by scintillators, 11.29 
by semiconductors, 11.29 
diffraction, 11.10-11. 13, 11.87-11.89, 11 93, 
11 94 
discovery, 2.117, 2.118 
fasi, 11.25, 1134 
and atomic bomb, 14. 81, 14.82 
detection, 11.25, 11.30, 1131 
fission, see Fission 
reactions, 11.45, 11.46, 11.50-11.66 
slowing down, 1134-1143; see also 
Moderator, Neutron, scattering 
sources, 11.14-11.23, 11.87-11.89 
flux, 11.76 
and reactor power, 14.58 
half-life, 11.8, 11.9 
magnetic moment, 12.75 
mass, 11.1-11.6 
moderator, see Moderator 
monoenergetic, 11.78-11.94 
-neutron forces, 12.15-12.22, 12.31 
in nucleus, 4.34438, 6.10, 6.11 
prediction, 2.115 
production, 11.14-11.23, 11.90-11.92 
in fission, see Fission 
as projectile particle, 11.38, 1145-11. 66; 
see also Fission 
prompt, in fission, 13.47, 14.62 
properties, 2.119, 2.120, 1L1-11.13 
-proton forces, 12.15-12.21, 12.31 
ratio and alpha activity, 10.135, 16.97 
and beta activity, 12.45 
of fission fragments, 13.11, 13.39, 13.40, 


13.105 
and nuclear stability, 10.130-10.133, 
12.42-12.45 
radiation hazard, 18.5-18.7, 18.22, 1820, 
18.30 


monitoring, 18.46 
reactions, 11.44-11.00; see also Fission, 
Neutron capture 
and potential barrier, 11.50-11.00 
reflector, 14.47, 15.22-15.28 
scattering, elastic, 11.34-11.36, 11.72 
inelastic, 11.61, 11.62, 11.72 
shielding, 18.63-18.65 
slow, 11.36; see also Neutron, thermal 
detection, 11.25-11.29 
fission, 11.66; see also Fission 
slowing down, 11.34-11.43; see also Mod. 
erator 
sources, 11.14-11.23, 11,90-11.92 
“cold,” 11.94 
monoenergetic, 11.19, 11.78-11.94 
nuclear bomb, 11.84-11.86 
spectrometer, 11.88 
spin, 4.86, 8.53 


s 
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Neutron (cont'd) : 
thermal, 11.36-11.43; see also Neutron, 


slow 
thermalization, 11.36; see also Moderator 
velocity selector, 11.78-11.89 
erystal spectrometer, 11.88 
mechanical, 11.82, 11.83 
time-of-flight, 11.79-11.81, 11.84 
wheel, 11.85 
Newtonian mechanics, 3.49, 3.69 
Nilsson states, 12.126 
Nobelium, 16.63; see also Element 102 
Noble gases, see Inert gases 
Nonleakage probability, reactor, 14.36 
Nuclear batteries (or cells), 17.200-17.202 


Nuclear chain reaction, see Fission chain,” 


Multiplication factor, Reactors 
Nuclear cross sections, 10.98-10.110, 11.95- 
11.119 
absorption (or capture), 11.69 
determination,  10.98-10.103, 
11.77 
neutron, see Neutron cross sections 
scattering, 11.69 
total, 11.69 
unit, 10.104 
Nuclear densities, 12.14 
Nuclear disintegration, see Nuclear reac- 
tions 
Nuclear energy, see Atomic energy 
Nuclear piney levels, see Energy levels, nu- 
clear 
Nuclear excitation, 10.96, 10.97, 11.61, 11.62 
by gamma rays, 10.149, 10.150 
Nuclear explosives, peaceful uses, 11.23, 
11.84, 11.85, 14.90-14.99, 16.71-16.76 
Nuclear fission, see Fission 
Nuclear forces, 12.1-12.41; see also Binding 


11.70- 


energy 
attractive, 12.14-12.19, 12.22-12.35 
central character, 12.22 
charge independence, 12.18 
exchange, 12.36-12.38 
meson-field theory, 12.27-12.41 
repulsive, 12.26, 12.36, 12.37, 12.39 
saturation character, 12.14 
spin dependence, 12.23 
tensor, 12.24, 12.77 
Nuclear fragmentation, 10.87, 10.88 
Nuclear fuel, 15.11-15.21, 15.139-15.145, 
15.184-15.205 
BRE 15.44-15.52; see also’ Reactors, 


cycle, 15.184-15.205 
elements, 15.14 
regeneration, 15.44-15.52 ; 
reprocessing, ueous, . 15.186, E 
15.197 F ere 
nonaqueous, 15.198-15.205 
resources, 15.139-15.145 
Nuclear fusion, see Fusion 
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Nuclear isomerism, 10.147-10:161 
islands of, 10.160, 12.117 
Nuclear isomers, 10.152-10.161 
genetically related, 10.154 
independent decay, 10.153 
of stable nuclides, 10.158 
Nuclear magnetic moments, 
12.72-12.74 
determination, 4.103-4.108 
and spin, 4.86, 4.87, 4.100-4.114, 12.72- 
12.74 
Nuclear magnetic resonance, 4.105-4.114 
applications, 4.109-4.114 
chemical shift, 4.110 
Nuclear magneton, 4.100 
Nuclear photoeffect, 10.74 
Nuclear power, 15.76-15.138; see also Reac- 
tors 
economic aspects, 15.139-15.152 
Nuclear propulsion, rocket, 15.160-15.170 
ship, 15.153-15.159 
Nuclear radiations, see Alpha, Beta, Gamma 
rays, Radiation, nuclear 
Nuclear radii, 4.15-4.21, 8.32, 12.62-12.71 
Nuclear reactions, 10.1-10.97; see also Neu- 
tron reactions 
direct, 10.79 
fission, 10.81-10.83; see also Fission 
fragmentation, 10.87, 10.88 
heavy-ion, 10.89-10.93 
photodisintegration, 10.74 
pickup, 10.78, 10.79 
Scattering, 10.94-10.97; see also Scat- 
tering 
secondary, 10.88 
spallation, 10.84-10.86; see also Spalla- 
tion 
stripping, 10.78, 10.79 
types, 10.34, 10.35 
transmutation, 10.36-10.77 
transfer, 10.90 
Nuclear spin, 4.86, 4.87, 4.97, 4.108, 8.137, 
12.72-12.74, 12.115-12.117 
coupling with orbital momentum, 12.112 
determination, 4.97, 4.108, 8.137, 8.138 
and nuclear transitions, 8.77, 8.79, 8.113, 
8.115, 8.116 
Nuclear stability, 12.42-12.61 
and neutron-proton ratio, 12.42-12.46 
and odd-even rules, 12.47-12.54 
Nuclear structure, 4.32-4.38 
collective model, 12.121-12.125 
liquid-drop model, 12.79-12.89 
Shell (or independent-particle) model, 
12.104-12.120 
unified model, 12.126 
Nuclear temperature, 10.41 
Nuclear track emulsions, 7.141 
Nuclear transformations, see Nuclear reac- 
tions 
Nuclear transitions, 4.55, 8.71-8.76, 8.114-8.118 


4.100-4.114, 
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Nuclear transitions (cont’d) : 
allowed and forbidden, 8.71-8.76 
electric, 8.114-8.118 
magnetic, 8.114-8.118 
Nucleic acids, 17.101-17.110 
Nucleon, 4.35, 20.95 
angular momentum, see Nucleon, spin 
forces, see Nuclear forces 
spin, 4.85, 4.86, 8.53 
spin-orbit coupling, 12.112 
Nucleonics, definition, 4.35 
Nucleus (or nuclei), 4.10-4.41 
alpha particles in, 4.41 
binding energy, see Binding energy 
charge, 4.22431 
and atomic number, 6.9-6.11 
compound, 10.36-10.50 
decay, 10.40, 10.41 
energy levels, 10.45 
in fission, 13.62, 13.69, 13.75, 13.76, 13.80 
and electrons, 4.33, 4.87 
ehergy levels, see Energy levels, nuclear 
even-odd character, 12,47-12.54, 12.90- 
12.100 
and fission, 13.75-13.82 
and gamma rays, 8.108-8.119 
and group displacement law, 6.9-6.11 
half-density radius, 12.66 
mass, 4.14 
Dee properties, 4.100-4.114, 12.72- 
12.78 


models of, see Nuclear structure 
neutron-deficient, see Neutron 
optical model, 11.116 
properties, 4.83-4.86, 12.62-12.78 
radius, 4.15-4.21, 12.62-12.71 
recoil, 10.15 
repulsive core, 12.37-12.40 
shielded, 12.97, 13.104 
spin, see Nuclear spin 
spin-orbit coupling, 12.112 
structure, see Nuclear structure 
target, 10.15 nm 
transitions, see Nuclear transitions 
Nuclide, definition, 6.49 
shielded, 12.97, 13.104 
stable, number of, 12.47 
mirror, 8.77-8.79 
Nuclon, 4.35 


Omega-minus particle, 20.95, 20.98, 20.99, 
20.123, 20.141 

Omnitron, 9.159, 9.160 à 
Oppenheimer-Phillips mechanism, 10.57 
Optical model of nucleus, 11.116 
Orbital-electron capture, 10.138-10,146 
Orthopositronium, 3.86-3.92 
Oxygen isotopes, 6.61 

production, 6.107, 17.28 

and ocean temperature, 17.184, 17.185 
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Oxygen, isotopes (cont’d) : 
as tracers, 17.6, 17.113 
scale, atomic weight, 124, 1.32, 6.62 


Packing fraction, 12.2-12.4 
eurve, 12.3 
definition, 12.2 
and mass defect, 12.2 
Paramagnetism, 4.91 
Parapositronium, 3.86-3.92 
Parasitic capture, 14.34 
Parent element, radioactive, 5.42 
Parity, 8.74 
and beta decay, 8.73, 8.76, 8.77 
conservation, 20.49 
failure of, 20.49-20.56 
Particle accelerators, 9.1-9.98, 9.106-9.160 
applications, 9.3-9.7 
beam separators, 9.99-9.105 
betatron, 9.62-9.72 
cyclotron, 9.29-9.41; see also Cyclotron 
electrostatic generator (Van de Graaff), 
9.15-9.23, 9.158 
heavy-ion, 9.150-9.160 
linear, 9.24-9.28, 9.118-9.149; see also 
Hilac, Linear accelerator 
microtron, 9.61 
omnitron, 9.159, 9.160 
and storage rings, 9.161-9.168 
and superconducting cavities, 
9.170 
synchrocyclotron, 9.43-9.51 
synchrotron, alternating-gradient, 9.88- 
9.98 


electron, 9.106-9,112 
proton, 9.73-9.83 
zero-gradient, 9.84-9.87 
voltage-multiplier (Cockeroft-Walton), 
9.8-9.14 
Particles, elementary, 20.1-20.108, see also 
Baryons, Hadrons, Hyperons, Me- 
sons, Muons, Resonances 
Pauli exclusion principle, 4.62, 4.67, 4.70, 
1221, 12.23, 12.48, 20.28 
Pellicles, 7.142 
Periodic law, 1.41 
Periodic system, 1.40-1.49 
and group displacement law, 6.4-6.8 
groups, 1.46 
and orbital electrons, 4.68-4.70 
and radioelements, 6.1-6.8 
Phase space distribution, 20.112 
stability, 9.48 
Phasotron, 9.49 
Phonons, 8.131 1 
Phosphor, see Scintillator 
Phosphorescence, 2.92 t 
Phosphorus isotopes, in agriculture, 17.122- 


9.109, 
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Phosphorus isotopes (cont'd) : 
specific activity, 17.19, 17.22 
in therapy, 17.98 
Photodisintegration, see Nuclear reactions 
Photoelectric effect, 2.48, 2.89, 7.47 
and gamma rays, 8.87-8.90, 8.100 
Photofission, 13.17 
Photographic emulsion detectors, 7.140-7.146 
and cosmic rays, 19.11 
Photomultiplier tube, 7.47 
Photon (or photons), 3.34-3.37 
gamma-ray, 8.99, 8.100 
ionization by, 7.5 
momentum, 3.40 
spin, 3.87 
Photonuclear reactions, 10.74 
Photosynthesis and isotopes, 17.111-17.121 
Piezoelectricity, 5.2, 5.3 
Pile, 14.54; see also Reactor 
Pi-mesons (or pions), 2.131-2.133, 20.9, 
20.76-20.80; see also Mesons 
in cosmic rays, 19.32-19.36, 19.60, 19.80 
decay, 20.9, 20.79, 20.80 
interaction with matter, 20.76, 20.77 
lifetime, 20.78 
mass, 20.78 
production, 20.11-20,14, 20.77 
properties, 20.76-20.78 
Pinch effect, 14.138-14.140 
theta, 14.170 
Pions, see Pi-mesons 
Planck's constant, 3.30 
quantum theory, 3.27-3.32 
Plants, radiation effects, 
18.97-18.108 
Plasma, definition, 14.107 
confinement, 14.129-14.176 
in controlled fusion, 14.122-14.176 
gun, 14.161 
heating, 14.138, 14.146, 14.107, 14.171, 
14.172 
injection, 14.154-14.158 
instabilities, 14.130, 14.131, 14.147 
stabilization, 14. 159, 14.160, 14.168, 14.169 
Plasma thermocouple, 17.199 
SC eg fea he ec 14.90-14.99, 16.71, 
Plutonium, 11.49, 14.25, 14.28, 14.65-14.69, 
16.25-16.42 
and actinide series, 16.80-16.86 
chemistry, 16.35-16.40 
discovery, 1625 . 
isotopes, 16.28 
metal, 16.41, 16.42 
Pletonium-239, and atomic bomb, 14.81 
breeding, 15.44-15.51; see also Reactor, 
breeder 
formation, 11.49, 16.27 
fission, 13.16, 13.35, 13,41, 13.68, 13.80 
in nature, 16.27 
production, 14.65-14.79, 15.72-15.75 


17 224-17.229, 
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Plutonium-239 (cont'd) : 
reactor fuel, 15.11, 15.99, 15.126; see also 
Reactors, fast 
Poles, electric, 2.11 
Polonium, discovery, 5.5, 5.6 
isotopes, 6.6, 6.7, 6.14 
Ponderator, 9.1 
Positive rays, 2.61-2.64, 2.106 
analysis, 6.26-6.32 
and isotopes, 6.33-6.39 
Positive electron, see Positron 
Positon, see Positron 
Positron, 2.65-2.79 
acceleration, 9.136 
annihilation, 2.76-2.79, 3.84-3.92 
discovery, 2.67 
emission in radioactivity, 8.57, 8.58, 10.114, 
10.115, 10.121, 10.131-10.133, 10.143- 
710.146, 12.58, 12.94 
formation, 2.67-2.75 
lifetime, 2.76 
mass, 2.69, 2.80 
specifie charge, 2.73 
Positron camera, 17.57 
Ed pair, 2.71, 2.74, 2.75, 2.77- 
2 


annihilation, 2.77, 3.84-3.92 
in cosmic rays, 2.70, 19.33, 19.36 
formation, 2.71, 2.74, 2.78, 3.85, 8.90 
Positron scanner, 17.55 
Positronium, 3.88-3.92 
Potassium-40, applications, 17.90, 17.132 
radioactivity in body, 18.32 
Potential difference, 2.9 
electrical, 2.7 
Potential energy barrier, 8.26-8.36, 10.18, 
10.19, 10.42, 10.43, 10.107, 11.50- 
11.59, 13.69-13.73, 14.106 
for alpha-particle emission, 8.26-8.36 
for fission, 3.69-13.73 
for fusion, 14.106 
for nuclear reactions, 10.18, 10.19, 
10.42, 10.43, 10.107, 11.50-11.59 
penetration of, see Barrier penetra- 
tion 
Projectile particle, definition, 10.15 
Promethium, 12.103, 16.107-16.113 
identification, 16.109 
isotopes, 16.111 
separation, 16.109 
Proportional counter, 7.22-7.25 
advantages, 7.25 
for alpha particles, 7.25 
gas amplification, 7.23 
for neutrons, 11.26 
Protactinium series, 16.91, 16.94 
Protium, 6.72 
Proton (or protons), 2.61-2 64, 2.66, 430 
acceleration, 9.14, 920, 923, 930, 931, 
9.50, 9.51, 9.73-9.99, 9.137-9.149 
delayed emission, 10.165, 10.166 
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Proton (cont'd) : Radiation (cont'd) : 
fission by, 13.17 photon, see Photon 
fusion, 14.109-14.114 and plants, see Plants 
mass, 2.64 protection, 18.59-18.77 
named, 2.64 guides, 18.36, 18.40 


negative, see Antiproton 
-neutron forces, see Neutron-proton forces 
in nucleus, 4.32-4.38, 6.10, 6.11 
as projectile particle, 10.51-10.55 
-proton chain, 14.109, 14.112 
proton Pe 12.15-12.19, 12.22-12.26, 
spin, 4.85, 4.86, 4.109, 8.53 
and stellar energy, 14.109-14.114 
synchrotron, 9.73-9.83 
Protyle, 1.9, 1.38, 2.64, 4.38 
Prout’s hypothesis, 1.38, 1.39, 4.38, 6.43 
Pulse-height analyzer, 7.15, 7.42, 7.43 


Q of nuclear reaction, 10.24 
Quality factor (or QF), 1827-18.30 
Quadrupole moments, 12.77, 12.78, 12.119, 
12.121, 12.123 
Quantum, energy, 3.29 
mechanics, 3.49-3.51 
numbers, 4.51—4.69, 12.110, 12.113-12.117 
theory, 3.29-3.32, 3.34, 3.38 
Quark, concept, 20.143-20.156 
quantum numbers, 20.144 
search for, 20.147-20.149 


"Rabbit," 13.49 
Rad, definition, 18.24 
Radiation, annihilation, 2.77, 3.84, 3.85 
applications of, 17.94-17.100, 17.133-17.146, 
17.186-17 230 
chemical effects, 17.205-17.210 
dose, acute, 18.9 
chronic, 18.9 
equivalent, 18.27 
maximum permissible, 18.31-18.39 
dosimeters, 18.43-18.54 
electromagnetic, 3.20-3.26 
food preservation, 17.211-17.216 
genetic effects, 18.84-18.103 
hazards, 18.1-18.42 
cause of, 18.5-18.10 
internal, 18.17-1820 
and insect pests, 17,119-17.223 
ionizing, 7.1-7.5 
measurement, see Counting instruments 
monitoring, of air, 18.57 
of areas, 18.55, 18.56 
for internal hazard, 18.50, 18.51 
of persons, 18.43-18.49 
instruments, 18.44-18.58 
of water, 18.58 h 
mutations, see Mutation —— 
nuclear, see Radiation, ionizing 
-particle concept, 3.7, 3:35, 3.52, 3.53 


in laboratories, 18.67-18.77 
by shielding, 18.59-18.66, 18.76 
quantum theory, 3.29-3.32, 3.35, 3.39 
and electron transitions, 4.45, 4.46, 4.48 
radioactive, see Alpha, Beta, Gamma rays 
shielding, 18.59-18.66, 18.76 
sickness, 18.12-18.16, 18,42 
for sterilization, 17.217, 17.218 
units, 18.21-18.30; see also Rad, Roentgen, 
Rem, Rep 
wave-particle duality, 3.38-3.45, 3.52, 3.53 
wave theory, 3.8-3.11, 3.34 
Radiative capture reactions, 10.46, 10.52, 
10.66, 11.44-11.49 
Radioactive constants, 5.32-5.35 
decay, 5.33-5.45, 5.50-5.55, 8.22-8.24, 8.71 
half-life, 5.46-5.55, 5.58-5.64, 8.23, 16.97- 
16.99 
comparative, 8.75 
mean life, 5.38-5.41 
Radioactive decay, constant, 5.33-5.46 
and periodic system, 6.4-6.8 
rate of, 5.32-5.55 
series, see Radioactive series 
theory, 5.20-5.28, 6.20, 6.24 
Radioactive elements, artificial, see Radio- 
nuclides, artificial 
natural, 5.1-5.61 
branched disintegration, 5.60, 5.64 
decay rates, 5.32-5.35 
identification, 5.29-5.32 
separation, 5.29-5.31 
Radioactive emanation, 5.18, 5.19, 5.31, 
16.90, 16.95 
Radioactive equilibrium, 5.42-5.45, 5.48 
secular, 5.42 
Radioactive radiations, 2.102-2.114; see also 
Alpha, Beta, Gamma rays 
Radioactive series, 5.43-5.45, 5.49, 5.56-5.65, 


6.5, 6.6 
artificial, 5.62-5.64, 16.87-16.96 
branched, 5.60, 5.64 
collateral, 5.61, 16.89-16.96 
end products, 6.18-6.25 
tables, 5.80, 6.5 
Radioactive tracers, see Isotopes, tracers 
Radioactive waste disposal, 15.200-15.212, 
18.78-18.83 
Radioactivity, artificial, 10.113-10.105; see 
also Radionuclides, artificial 
discovery, 2.98-2.101, 5.1-5.19 
measurement, see Counting instruments 
natural, see Lus yen elementa, natural 
Radioautography, 1 
Radiochemical laboratories, 18.07-18.77. 
“hot,” 18.68, 18.76 
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Radiochemical laboratories (cont'd) : 
levels of activity, 18.68 
remote control in, 18.75 
“semi-hot,” 18.71 
Radioelements, see Radioactive elements, 
Radionuclides 
Radiography, 17.187 oe 
Radioisotopes, see Isotopes, radioactive 
Radionuclides, 6.49; see also Isotopes, ra- 
dioactive; Radioactive elements 
artificial, 10.113-10.166 
branched disintegration, 10.133 
discovery, 10,114-10.117 
from fission, see Fission products 
as heat sources, 17.203, 17.204 
identification, 10.120-10.128 
isomeric, 10.149-10.157 
mass determination, 10.125-10.128 
mirror, 8.77-8.79 
neutron-proton ratio, 10.130, 10.181, 
12.94, 12.99 
power from, 17.189-17.202 
production, by accelerators, 17.28, 17.29 
in reactors, 17.26, 17.27 
Radio waves, 3.20, 3.24, 325 
Radium, discovery, 5.7 
emanation, 5.18, 5.24 
half-life, 5.48 
isolation, 5.7-5.9 
-uranium equilibrium, 5.44, 5.45 
Rare-earth elements, 1.44, 6.44 
parallelism with actinides, 16.83-16.86 
separation, 13.88-13.93 
Reactor TS reactors), 15.1-15.138, 15.153- 


beryllium-oxide moderated, 15.114 

blanket, 15.52 

boiling-water, 15.90-15.95 

breeder, 15.125-15.138; see also Breeding 

burners, 15.83 

control, 14,59-14.64, 15.39-15.42 

coolant, 15.29-15.35 

critical size, 14.44-14.49 

dual purpose, 15.74, 15.75 

fast, 15.5, 15.70, 15.71, 15.125-15.138 

flux-trap, 15.63 

fuel, see Nuclear fuel 

gas-cooled, 15.105-15.114 

graphite moderated, 14.50-14.56, 14.70- 
14.79, 15.55, 15.105-15.113, 15.115- 
15.118 

heat removal, 15.29-15.38 

heavy-water ^ moderated, 
15.96-15.102 

heterogeneous, 14.42, 14.43 

history of, 14.50-14.56 

liquid-fuel, 15.119-15.123, 15.138 

materials testing, 15.60-15.63 

multiplication factor, see Multiplication 
factor 

genes (and moderated), 15.102- 


15.65-15.69, 


Reactor (cont'd) : 
plutonium production, 14.70-14.79, 15.72, 
15.73 
for power, 15.76-15.138 
pool type, 15.58 
power, calculation, 14.57, 14.58 
pressurized water, 15.82-15.89 
pulsed, 15.64, 15.71 
reflector, 15.22-15.28 
for research, 15.53-15.71 
for rocket propulsion, 15.161-15.170 
shielding, 15.43, 18.63-18.66 
for ship propulsion, 15.153-15.160 
sodium-cooled, 15.115-15.118, 15.127- 
15.138 
for space power, 15.171-15.177 
submarine, 15.83 
tank type, 15.62 
thermal, 15.5 
types, 15.53 
water boiler, 15.56 
water-cooled (and moderated), 15,56- 
15.64, 15.82-15.95 
for water desalting, 15.178-15.183 
Regge poles, 20.160 
trajectories, 20.160-20.163 
Relativistic mass, 3.63, 3.70 
and particle acceleration, 9.1, 9.45, 9.46 
Relative biological effectiveness (RBE), 
18.26-18.29 
Relativity, 3.65-3.69 
Rem, definition, 18.25 
Remote control, 14.73, 14.77, 16.69, 18.75 
Rep, definition, 18.22 
Reproduction factor, see Multiplication factor 
Repulsive core of nucleus, 12.37-12.40 
Resonance, 10.110, 11.100 
cross section, 11.101 
electron spin, 4.90-4.99 
escape probability, 14.38, 14.43 f 
giant (or broad), 11.115 
nuclear magnetic, 4.105-4.114 
peak (FWHM), 11.115 
wave-mechanical, 10.110 
Resonances (or resonant states), 20.19- 
20.21, 20.108-20.123 
discovery, 20.19 
identification, 20.108, 20.111 
lifetime, 20.20, 20.21, 20.108 
mass determination, 20.116 ~ 
multiplets, and Regge poles, 20.161-20.163 
types, 20.28, 20.120 
Rest mass, 3.63, 3.70 
Reversed beta-decay, 8,61 
Rocket propulsion, radionuclide, 17.203 
reactor, 15.161-15.170 
Roentgen, unit, 18.21 
equivalent man (rem), 18.25 
physical (rep), 18.22 
rays, see X-rays 
Rossi curve, 19.71 
Rutherford unit, 17.21 
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Sakatons, 20.143 
Sargent curves, 8.71 
Saturation activity, 13.99 
Scaler, 7.16 
Scanners, body, 17.53-17.57 
Scattering, 10.35, 10.94-10.97 
of alpha particles, 4.7-4.9 
cross sections, 11.96, 11.97 
elastic, 10.94, 10.95 
of neutrons, 11.34-11.36, 11.72; see also 
Neutrons, slowing down 
inelastic, 10.96, 10.97 
and energy levels, 10.97 
of neutrons, 11.61, 11.62, 11.72, 11.97 
Scintillation camera, 17.56, 17.59 
counter, 7.44-7.57 
for neutrons, 11.29 
hodoscope, 7.137-7.139 
Scintillators, 7.48, 7.49, 7.51—7.53 
Scyllac, 14.174 
Semiconductor detectors, 7.58-7.79 
crystal conduction type, 7.66-7.68 
junction type, 7.69-7.79 
for neutrons, 11.29 
resolving power, 7.75 
Semiconductors, 7.59-7.66 
Shell model, nuclear, 12,104-12.120 
Shielded nuclei (or nuclides), 12.97, 13.104 
Shielding, radiation, 15.43, 18.62-18.66, 18.68, 
18.74, 18.76 
Silicon detector, see Semiconductor detector 
SNAP, radionuclide power generators, 
17.189-17.198 
reactors, 15.171-15.177 
Soil, isotope study, 17.122-17.130 
Solar cosmic rays, 19.40-19.46 
energy, see Stellar energy 
Space charge, 7.29, 17.109 
Spallation, 10.35, 10.84-10.86 
Spark chamber, 7.120-7.136 
filmless, 7.132-7.136 
hodoscope, 7.135 
sonic, 7.133 
track analysis, 7.129 
wide-gap, 7.130 
wire, 7.134 H 
Special unitary group, 20.129; see also Uni- 
tary symmetry 
Specific activity, 17. .16-17.24 
definition, 17.20, 17.21 
Specific charge, 242 
of alpha particle, 2.106-2.108 
of cathode-ray particle, 242-247 
of electron, 2.54, 2.55 
Specific ionization, 73 
Spectra, alpha-particle, 8.31-8.41 
atomic, 2.54, 4.42-4.70, 6.47, 6.68 
Bohr theory, 4.45-4.50 
and quantum members, 4.51-4.55 
beta-particle, 8.42-8.46 
line, secondary electrons, 8.101, 10.154, 
10.157 
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Spectra (cont'd) : 
mass, 6.40; see also Mass spectrometer 
optical, see Spectra, atomic 
X-ray, 4.71-4.76 
Spectrograph, magnetic, 8.15, 8.16, 837, 
8.101, 8.105 
mass, see Mass spectrometer 
Spectrometer, crystal, 11.88 
magnetic lens, 8.46, 8.47 
mass, see Mass spectrometer 
pair, 8.101 
scintillation, 8.102 


"Spectrum, see Spectra 


Spin, angular momentum, 4.50 
electron, see Electron spin 
nuclear, see Nuclear spin 
Spinthariscope, 7.43 
"Stars" in photographic emulsions, 2.85, 
10.93, 19.82 
Statistical error, counting, 7.84, 7.85 
Stefan-Boltzmann law, 3.27 
Stellarator, 14.141-14.148 
Stellar energy, 14.102-14.114 
carbon cycle, 14.109, 14.110, 14.113 
early theories, 14.102-14.104 
proton-proton chain, 14.09, 14.112, 14.113 
and thernionuclear reactions, 14.105- 
14.114 
Sterilization by radiation, 17.217-17.219 
Stokes's law, 2.36 
Stopping power, 8.8-8.13 
and equivalent thickness, 8.10-8.13 
and LET, 18.28 
relative, 8.9 
Storage rings, 9.161-9.168 
Straggling, alpha-particle, 8.5, 8.6 
Strangeness, 20.47, 20.100; see also Hyper- 


e 

“Strange” particles, 20.99 

Stripping reactions, 10.35, 10.78-10.80, 11.22 

Strong interactions, 8.54, 8.56, 12.83, 20.23, 
20.27, 20.30, 20.62, 20.108 

Sun’s energy, see Stellar energy 

Superconducting cavity, 9.169, 9.170 

magnets, 7.110 

Superconductors, 7.109 

Se pe pare particle, 20.103-20.135, 20.- 
140, 20.1 


“Swindletron,” 9.21 
Symbols, elements, 1.16, 1.17, 1.87 

for molecules, 1.17 

for nuclear reactions, 10.15 

for b p ei AA tant 
Symmetry, unitary, see Uni m 
Symmetries, 20.48-20.62; see also Conserva- 

tion, Parity 

charge conjugation, 20.55 

CP, 20.56 

CPT, 20.58 
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Synchrotron (cont'd) : 
alternating-gradient, 9.88-9.98 
. electron, 9.106-9.112 
proton, 9.73-9.83 
zero-gradient, 9.84-9.87 
Szilard-Chalmers separation, 17.34 


Tamper, atomic bomb, 14.86 
Target nucleus, 10.15 
Technetium, 12.101, 12.102, 13.103, 16.101- 
16.106 
discovery, 16.101, 16.102 
isotopes, 16.104 à 
in nature, 12.101, 16.105 
properties, 16.106 n 
Tensor force, nuclear, 12.24 
Theory, definition, 1.7 
Thermal column, 15.54 
‘Thermal energy, 11.36 
Thermal neutrons, 11.36-11.43 
Thermalization, neutrons, 11.36, 14.38; see 
also Moderator 
Thermal utilization factor, 14.38 
"Thermionie conversion, 17.198 
effect, 2.48, 2.50, 2.51 
Thermoelectric conversion, 
17.189-17.197 
Thermonuclear bon., 14.120 
reactions, 14.105-14.121; see also Fusion 
Theta pinch, 14.170 
"Thickness density, 8.10-8.13, 8.80-8.85 
gauge, 17.143 ` 
half-value, for gamma rays, 8.94 
NEM and actinide series, 16.82, 16.84, 


15.173-15.176, 


emanation, 5.18, 5.24 
radioactivity, discovery, 54 
series, 5.49, 5.56-5.61 
collateral, 16.92 
end product, 6.20-6.25 
.. table, 5.58, 6.5 
Thorium-232, as fertile material, 
15.13, 15.44-15.50 
fission, 13.81, 15.12 
Thorium-C, alpha-particle spectrum, 8.39 
gamma rays, 8.108-8.111 . 
Time, of flight, neutron velocity selector, 
11.79-11.81, 11.84 
particle separation by, 9.101 
Time reversal symmetry, 20.57, 20.58 
"Tissues, radiation sensitivity, 18.14 
Tokomak, 14.149 
Townsend avalanche, 7.22 
_ Tracers, see Isotopes, as tracers 7 
Track, particle, analysis, 7.112-7.119 . 
in emulsions, 7.141-7.146 
Transitions, see Electronic, Nuclear transi- 


15.12, 


a tions 
Transmutation, nuclear, see Nuclear re- 
actions 
Transplutonium ^ .elements, production, 
., 16.68-16.79 
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Transuranium elements, 16.1-16.86; see also 
Actinide series 
false, 13.2, 13.3, 13.8, 13.11, 16.3, 16.6 
Triple isomerism, 10.148 
Tritium, 6.72, 10.61, 11.58 
production, 10.61, 11.58 
radioactivity, 12.59 
in thermonuclear reactions, 14.115, 14.125, 
14.127, 14.128 
as tracer, 17.104, 17.108 
Triton, 10.34, 10.61 
as projectile particle, 10.68, 10.69 
Tunnel effect, 8.30. 


Ultramicrobalance, 16.16 
Ultramicrochemistry, 16.2, 16.14 
Ultraviolet rays, 3.19 
Uncertainty principle, 3.46-3.49, 4.56, 6.122, 
11.106, 20.108 
Unified model, nuclear, 12.126 
Unitary symmetry, SU(2), 20.127-20.132 
SU(3), 20.133-20.142 
SU(6), 20.150-20.158 
Uranium, and actinide series, 16.80-10.86 
fission, 132, 134, 13.5, 13.10; see also 
Uranium-233, -235, -238 
half-life, 5.48 : 
isotopes, separation, centrifugal, 6,100, 
6.101 
electromagnetic, 6.92-6.95 
gaseous diffusion, 6.84-6.88 
thermal diffusion, 6.104 
purification, 14.51, 14.52 
radioactivity, discovery, 2.98-2.101 
radium precursor, 5.44 
series, 5.49, 5.56-5.61 
collateral, 16.90, 16.91 
end product, 6.18-6.25 
table, 5.58, 6.5 
sources, 15.139-15.145 
Uranium-233, breeding, 15.44-15.50 
discovery, 16.87 " 
fission, p 13.35, 13.36, 1341, 13.80, 
15.12 
critical energy, 13.80 
in neptunium series, 5.63, 16.87, 16.88 
as nuclear fuel, 15.12 
production, 15.12 
Wr e p in actinium series, 5.50, 5.58, 
6. 


fission, 13.10, 13.30-13.32, 13.41-13.43, 
13.51, 13.68 

critical energy, 13.76, 13.79 

fast-neutron, 13.16, 14.26 

. and atomic bomb, 14.24-14.26 

Slow-neutron, 13.16, 14.22 

products, 13.30-13.32, 13.83-13.105 

as nuclear fuel, 15.11, 15.83. 
production, see Uranium, isotopes, separa- 


tion 
Uranium-238, fertile material, 15.13 
fission, 13.16, 13.78 
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Uranium-238, fission (cont'd) : 
critical energy, 13.78 
spontaneous, 13.19, 13.54, 13.73 
in uranium series, 5.56, 5.58, 6.5 

Uranium-X, 5.12-5.17, 5.21-5.23 


Valence band, 7.60 
Valence, definition, 1.23 
determination, 1.25 
of ions in solution, 2.29 
Van ue radiation belt, 14.151, 19.86- 
19.91 
Van de Graaff accelerator, 9.15-9.23 
for heavy ions, 9.158 
tandem, 9.21-9.23 
Velocity selectors, see Neutron velocity 
selectors 
V-events (or particles), 20.15, 20.17 
Volt, defined, 2.8 
Voltage, 2.8 
Voltage multiplier (Cockeroft- Walton), 9.8- 
9.14 


Waste, radioactive, disposal, 15.206-15.212, 
18.78-18.83 
Water, as moderator, see Moderator 
Watt, definition, 14.15 
Wave function, 8.74 
Wave guide, 9.118 
Wave length, definition, 3.13 
Wave mechanics, 3.48-3.50, 3.68 
Wave motion, longitudinal, 3.12 
nature of, 3.12, 313 
€ transverse, 3.12 
Wave number, definition, 1.18 
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Wave-particle duality, 3.38-3.45, 11.10, 
11.111, 11.112 
W-boson (or particle), 20.32, 20.74, 20.75 
Weak interaction, 8.54, 20.25, 20.30-20.32, 
20.54, 20.62 
Weight, definition, 1.18 
Re pay counter, see Counter, whole- 
ody 
Whole-number rule, 6.43, 6.45 
Wien’s law, 3.38 
Work and energy, 3.1, 3.4 


Xenon, poisoning, 15.63, 15.78 
Xi-particle, 20.17, 20.95; see also Hyperons 
X-rays, characteristic, 2.91, 2.92, 2.97, 424, 
4.71-4.76, 8.103-8.106 
and atomic number, 4.124 
K, L, M series, 2.92, 4.71-4.76, 8.105 
Compton effect, 3.36 
continuous, 4.75; see also Bremsstrah- 


lung 
diffraction, 2.93-2.97 
discovery, 2.86 
hazard, 18.1-183 
ionization by, 2.89, 3.34, 7.5, 7.88 
mesonic (or mesic), 4.80 
muonic, 4.79, 4.80 
nature of, 2.90 
and orbital-electron capture, 10.140 
properties of, 2.86-2.89 
wave length, 2.91 


Zeolites, 13.90 
Zeeman effect, 2.55, 4.43, 4.89, 4.108 
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3 - Widely received as a balanced guide to all aspects of atomic e 
2 by countless thousands—scientists, laymen, teachers, and stu 

— valike—the Sourcebook on Atomic Energy brings together 
- ~ important facts about past history, current status, and possible futuri 
So: Fols vital and challenging discipline. à 


the Sourcebook on Atomic Energy describes the growth of thoug 


ae and knowledge in such fields as the theory of radioactivity, t 
e Y - concept of isotopes, the design of particle accelerators, and the u 


© — of nuclear reactors for research and for power, 
.* . Nuclear energy is increasingly a part of our daily lives as electric 

from the atom provides power for use in homes:and factories, 
„addition, it. is finding applications in space, for desalting water in afi 
ateas, in humanitarian uses for medical research 08 iĝ: vital 

, processes and techniques for industry. 

Atomic science has been the product of many great miis 
among the.special features of this book are quotations from the wor ok p^ 
_of pioneers like the Curies, Rutherford and Bohr, describing in: the j 
m own words many of the fundamental discoveries in atomic science; 
Es "among them radioactivity, X-rays, nuclear fission and ‘ot 
- Dr. Glasstone has also traced the historic origin of the principal ter 
3 TE. of the atomic language—terms like neutron, proton, meson, nucleon 
> . cyclotron, cosmic rays, muon, and quark. 
A : . Clearly written, carefully organized, this new “edition: of 
- Sourcebook on Atomic Energy provides the essential facts needed 
constant reference in every plant, laboratory, school or library to 
à 3 
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